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X-RAY SPECTROSCOPY OF ACCRETING BLACK HOLES
by Daniel Steven Plant
Measuring black hole spin has become a key topic in astrophysics, and recent focus
on the spin powering of jets in X-ray binaries has heightened the need for accurate
measurements of spin. However, the effects of spin are subtle, and are only im-
printed on emission from very close to the black hole. This is revealed since the
black hole spin deﬁnes the radius of the last stable orbit of the accretion disc, which
is smaller for larger spin. Recent advances in X-ray observatories and spectroscopic
techniques have enabled spin estimates for a number of black holes in X-ray bina-
ries, but the accuracy of these methods, and the link between spin and jet power,
have become very controversial subjects. In this thesis I address the former of these
problems through X-ray reﬂection, which is one of two leading X-ray spectroscopic
methods to measure black hole spin (the other being the ‘continuum’ method).
Firstly, I investigate the systematic uncertainties associated with the X-ray re-
ﬂection technique, and display how model degeneracies can severely affect the de-
termination of spin. After establishing these potential ﬂaws I then performed a
systematic study of X-ray reﬂection during four hard state observations of the black
hole GX 339−4, and show that the relativistic effects vary signiﬁcantly over two
orders of magnitude in luminosity. I show that this requires the accretion disc to be
substantially truncated from the last stable orbit that is used to measure spin, thus
rendering spin estimates impossible in the hard state. Following this I analyse over
500 archival observations of the same source with the Rossi Timing X-ray Explorer.
Whilst these data cannot directly measure the inner disc radius, they allow a quanti-
tative investigation of how X-ray reﬂection and the power-law co-evolve. Since the
latter gives rise to the former, this allows changes in the accretion geometry to be
revealed, which I show to be consistent with a truncated accretion disc in the hard
state, and a gradual collapse of the corona in the soft state. Finally, I present three
recent observations of GX 339−4 in the hard state with XMM-Newton, which allow
an unprecedented simultaneous constraint on the inner accretion disc radius via the
reﬂection and continuum methods. The two techniques agree, and present further
compelling evidence for accretion disc truncation in the hard state.CONTENTS
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xviiFor Mum and Dad“In my entire scientiﬁc life, extending over forty-ﬁve
years, the most shattering experience has been the real-
ization that an exact solution of Einstein’s equations of
generalrelativity, discovered by the New Zealand math-
ematician, Roy Kerr, provides the absolutely exact rep-
resentation of untold numbers of massive black holes
that populate the universe. This shuddering before the
beautiful, this incredible fact that a discovery motivated
by a search after the beautiful in mathematics should
ﬁnd its exact replica in Nature, persuadesme to say that
beauty is that to which the human mind responds at its
deepest and most profound.”
S. CHANDRASEKHAR (1975)1
Introduction
1.1 An introduction to black holes
In lucid terms, black holes represent a body of such gravitational might that even
light cannot escape. Despite the term ‘black hole’ being famously coined by John
Wheeler in the 1960s, the notion of such an object has existed for more than 200
years. In 1783 John Michell, a Fellow of the Royal Society, noted that a body of
radius 500 times that of the sun, and of the same density, would have an escape ve-
locity equal to the speed of light, and thus all light emitted would not escape. With
the advent of general relativity in 1915, Einstein’s theory of gravitation, the man-
ner in which gravity was recognised changed forever. Whilst Newtonian mechanics
describes gravity as a force through which two bodies attract, in general relativ-
ity gravity curves the surrounding space-time. The greater the mass, the greater
space-time is distorted. It took only a matter of months for Karl Schwarzschild to
demonstrate the solution for the space-time around a non-rotating spherically sym-
metric body. It was later realised that within the Schwarzschild metric, an observer
at inﬁnity (i.e. far from the black hole) sees time and distance tend to zero and in-
ﬁnity respectively near the central body. This location became known as the event
horizon, which is characterised by the Schwarzschild radius.
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The physical implication of this was not immediately recognised. In 1930 Sub-
rahmanyan Chandrasekhar considered the structure of white dwarfs, and discovered
that there exists a ﬁnite mass (∼1.44M⊙) above which the degenerate electrons
would become relativistic, and thus induce further gravitational collapse. This sur-
prised the community, and for the ﬁrst time brought to light the reality of a body
collapsing to nothing more than a singularity. Once electron degeneracy pressure
is overcome, it is expected that neutron degeneracy pressure will still resist gravity,
and such an object is known as a neutron star. The limit by which this degeneracy
is overwhelmed is uncertain, but around 3M⊙ appears to be a reasonable and popu-
lar limit. Beyond this gravitational collapse is unavoidable and a black hole can be
formed.
Which compact object (white dwarf, neutron star or black hole) is initially born
depends mainly on the mass of the original star. Most stars will form a white dwarf;
the Sun for example, which is an average star, will form a white dwarf. Larger stars
(>8M⊙) will undergo a supernova explosion driven by the gravitational collapse
of the stellar core. The larger the star, the more compact the core will be, and thus
it is expected that the core of a star of mass >20M⊙ will be able to directly form a
black hole when it eventually collapses.
The most remarkable quality of black holes is that they are exceptionally simple;
in general relativity they are described by just three parameters: mass M, charge Q
and angular momentum (spin) J. Furthermore, on macroscopic scales the charge is
expected to be neutralised. To this end, John Wheeler was again at hand to quip that
black holes have no hair. All the information about the matter that has led to the
formation of the black hole is lost, and is converted into just mass and spin. Since
stellar mass black holes are relics of massive stars, which have short evolutionary
timescales (<106 years), much less than the age of the Milky Way (∼ 1010 years),
there is expected to be a very large number of stellar mass black holes in our galaxy
(∼ 108; van den Heuvel 1992). However, by deﬁnition one cannot observe a black
hole directly; but instead, we can use their interaction with other objects.
1.1.1 Black hole binaries
An X-ray binary (XRB) is a binary system consisting of a star and a compact object
companion. A sub-class of XRBs are black hole X-ray binaries (BHXRBs), in
which the compact object is a black hole. Whilst such a system may sound exotic,
around 70% of massive stars are expected to exist in binaries (Sana et al., 2012).
The companion star can feed matter on to the black hole via two modes: (1) Roche1.1 An introduction to black holes 3
Disc Wind
Jet
Stream-Impact
Point
X-ray Heating
Companion
Star
Accretion
Stream
Accretion Disc
Figure 1.1: An artist’s impression of a LMXB,with the key elements of the binary
indicated. Adapted from Fender and Belloni (2012), created by Rob Hynes.
lobe overﬂow, where the binary separation becomes small enough that the outer
material of the star can be removed by the gravitational ﬁeld of the black hole; or
(2) by stellar wind accretion, where thecompanion star ejects material which is then
gravitationally captured by the black hole (for a review on the formation of XRBs,
see Tauris and van den Heuvel 2006).
XRBs areseparated intotwodistinctclasses: Low-massX-raybinaries(LMXBs;
Fig. 1.1), which have an old (>109 yrs) low mass (M ∼ 1M⊙) companion feeding
via its Roche lobe; and High-mass X-ray binaries (HMXBs), which have a young
(<107 yrs) OB-type massive donor star (M>10M⊙) feeding via its stellar wind
(Remillard and McClintock, 2006). There are 21 dynamically conﬁrmed stellar
mass black holes (i.e. MBH >3M⊙; Casares and Jonker 2013), plus an additional
30+ strong candidates (¨ Ozel et al., 2010), and of those conﬁrmed, only a few have
high-mass companions.
The angular momentum of the in-falling matter must be conserved; thus, since
the star and black hole are in orbit about each other, the matter spirals and forms a
disc, known as an ‘accretion disc’ (Fig. 1.1).4 Chapter 1. Introduction
1.2 Accretion on to black holes
For a given mass accretion rate, ˙ M = dm/dt, the maximum luminosity of an accret-
ing object of mass M and radius R is
L = G ˙ MM/R. (1.1)
Since a black hole has no solid surface, some portion of the accreted mass will
pass beyond the event horizon without radiating. The efﬁciency of the accretion is
represented by η, thus the luminosity of an accreting black hole is
L = η ˙ Mc2 (1.2)
where the R has been replaced by the Schwarzschild radius RS = 2GM/c2, which
represents the event horizon. However, the event horizon of a spinning black hole,
as derived using the Kerr metric, is in fact smaller, and reduces to ∼ 1rg
1 for a
maximally spinning black hole. Furthermore, not every value of R has a stable
orbit, and the innermost stable circular orbit (ISCO) is itself dependent upon the
spin parameter a. The radius Risco is 6rg and 1.235rg for a zero and maximal spin
black hole respectively, which is discussed later in §1.5. Since the accreting matter
can radiate closer to the black hole for larger values of spin, and therefore deeper
within the potential well, the efﬁciency η also increases with spin. Thorne (1974)
showed that η ∼ 0.06 and η ∼ 0.3 for Schwarzschild and maximal prograde Kerr
(a = 0.998) black holes respectively, thus accretion is by far the most efﬁcient form
of energy conversion known in the Universe. To compare, the efﬁciency of nuclear
burning of hydrogen to helium is ηnuclear ∼ 0.007, and for a neutron star, which has
a solid surface, ηNS ∼ 0.1.
For the black hole to accrete, the gravitational force causing the matter to fall
inward must exceed the radiation pressure moving outwards, which exerts a force
as it scatters off the surrounding material. The inward gravitational force for a
electron-proton pair at a distance R from a black hole of mass MBH is
Fgrav =
GMBH
R2 (mp+me) ≈
GMBHmp
R2 (1.3)
where mp and me are the mass of the proton and electron respectively. The outward
radiation force is
1The unit rg refers to the gravitational radius, where 1rg = GM/c2. The Schwarzschild radius
RS is therefore at 2rg.1.2 Accretion on to black holes 5
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Figure 1.2: Each radius of the disc emits as a blackbody, thus the spectrum of
the accretion disc forms a multi-colour blackbody shape. At smaller radii the peak
temperature is larger (Eq. 1.6)
Frad =
σTL
4πR2c
(1.4)
where σT is the Thompson electron scattering cross-section, and L is the luminosity
of the source accreting. In using the Thompson cross-section we are assuming that
thegas is fully ionised. The pointat which thesetwo forces are equal corresponds to
a limit on the amount of matter that can be accreted. This is known as the Eddington
luminosity, and is given by
LEdd =
4πGMBHmpc
σT
≈ 1.3×1038
￿
M
M⊙
￿
erg s−1. (1.5)
The corresponding Eddington mass accretion rate is ˙ MEdd =LEdd/ηc2. It should
be noted that this assumes spherically symmetric accretion of a pure hydrogen gas,
which is likely to be unphysical.
The famous Shakura-Sunyaev α–disc model (Shakura and Sunyaev, 1973) de-
scribes a cool, optically thick, geometrically thin accretion disc. For a mass ac-
cretion rate of ˙ M, moving inwards from R → R+∆R, the rate of potential energy6 Chapter 1. Introduction
released is L = (G ˙ MMBH/R2)×∆R. The virial theorem (2K+U = 0) requires that
half of the potential energy is converted into kinetic energy, thus only half of it can
be radiated. The optically thick disc will quickly thermalise and therefore emit as a
black-body L = ∆AσT4, where ∆A = 2×2πR×∆R, which is the area of the emit-
ting ring (with the factor 2 for both sides), and σSB is the Stefan-Boltzman constant.
Hence,
T =
￿
G ˙ MMBH
8πR3σSB
￿1/4
. (1.6)
Thediscspectrumis thereforea sumofblackbodycomponentsfrom each radius,
which each have a different characteristic temperature, essentially creating a multi-
colour blackbody spectrum (see Fig. 1.2). From the above it can be seen that the
temperature increases at smaller radii, thus the peak temperature of the spectrum
comes from the inner edge of the accretion disc. For reasonable values2, this shows
that the disc spectrum of a BHXRB will peak in the soft X-rays.
Finally, by inserting R = Rin ≈ RS we then ﬁnd that
Tin ∝ M
−1/4
BH (1.7)
for a given Eddington ratio ˙ M/ ˙ MEdd, since ˙ M ∝ MBH. Therefore, the peak tempera-
ture decreases considerably for larger masses. In the case of AGN, which typically
have masses 106−109 M⊙, the disc spectrum peaks in the ultraviolet.
Themodelmostcommonlyusedtodescribetheaccretiondiscspectrumis DISKBB
(Mitsuda et al., 1984), which is parameterised by the apparent inner radius of the
disc Rin and the peak temperature Tin. However, there are a number of corrections
required to determine the effective peak temperature, two being the boundary con-
dition (Gierli´ nski et al., 1999) and relativistic corrections (Zhang et al., 1997). The
spectrum will also be modiﬁed by the opacity of this disc, which requires a colour-
correction factor fcol of 1.6–2.0 (Shimura and Takahara, 1995; Merloni et al., 2000;
Davis et al., 2005). Through Eq. 1.6 it can be seen that L ∝ T4; thus, by observing
just L and Tin, one can test whether the disc inner radius Rin remains constant over
time. The DISKBB model is used a number of times in this thesis.
2For a black hole of mass MBH =10M⊙, accreting at 0.1 ˙ MEdd with an efﬁciency of η =0.1, the
peak temperature would be 1.7keV.1.3 Black hole spectral states 7
1.3 Black hole spectral states
The two donor feeding mechanisms described at the start of §1.1.1 gives rise to two
very different behaviours. Typically, HMXBs are persistently bright (>0.01LEdd),
whereas LMXBsare transient,exhibitingbrightoutburstslastingformonthsoreven
years, punctuated by long periods of quiescence (<10−6 LEdd; Fig. 1.3). These
two classes of object are referred to as ‘persistent’ and ‘transient’ sources respec-
tively. The transient nature is thought to be driven by accretion disc instabilities,
and the leading candidate is the hydrogen instability model (see Meyer and Meyer-
Hofmeister 1981; Coriat et al. 2012 and references therein). At low accretion rates
the gas temperature is low, as is the opacity; however, the opacity increases steeply
with temperature, which leads to a thermal runaway until the hydrogen is nearly
completelyionised. Thisthermalinstabilityleadsto theviscousinstability,whereby
the mass accretion rate increases with temperature. The central mass accretion rate
then exceeds the mass transfer rate from the donor star, which adds a duration limit
fortheoutburstcycle. It is thoughtthat persistentsources areableto keep thehydro-
gen sufﬁciently ionised by having a high donor mass accretion rate, which allows a
consistently high accretion rate on to the black hole.
The typical X-ray spectrum of a BHXRB can be isolated into two main compo-
nents: a soft (peak ∼1keV above 0.05LEdd) quasi-blackbody spectrum and a hard
power-law tail. The quasi-blackbody spectrum arises from the geometrically thin,
optically thick, accretion disc, as described before in §1.2 (see also Fig. 1.2). The
power-law spectrum is believed to come from ‘seed’ photons from the disc being
Compton up-scattered in a ‘corona’ of hot (108 −109 K) electrons. The spectrum
will also be absorbed by intervening material, which can be quite signiﬁcant due to
the distance of sources and that they are often located in, or close to, the galactic
plane.
Three distinct spectral states have been observed depending on the relative con-
tribution of these two components. I describe these below, but I also refer the inter-
ested reader to the excellent reviews by Remillard and McClintock (2006); McClin-
tock et al. (2006); Done et al. (2007); Belloni et al. (2011); and Fender and Belloni
(2012). Figure 1.4 displays the typical spectra of the canonical black hole Cygnus
X-1 in these three states.
The low/hard state
The low/hard state (hereafter ‘hard state’) is dominated by a hard power-law
component. The photon index is rather ﬂat (Γ ∼ 1.4−1.7, where N(E) =
N0E−Γ) and an exponential cut-off is often observed between 20–150keV8 Chapter 1. Introduction
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Figure 1.3: Top: AMAXIlight-curve of the persistent HMXBCygnus X-1, which
maintains a high luminosity (∼ 0.01LEdd; Orosz et al. 2011). Bottom: An Rossi
X-ray Timing Explorer (RXTE)light-curve of a sample of black hole systems taken
from Dunn et al. (2010). Only LMC X-1 and LMC X-3 are HMXB and show a
steady luminosity. In comparison many magnitudes are spanned by the LMXB
sources.
(Motta et al., 2009), which both suggest thermal Comptonisation to be the
underlying physical process (Done et al. 2007; Chapter 4). As the source
luminosity rises the photon index increases, whilst the high energy cut-off
decreases, suggesting an increase in cool seed photons cooling the coronal
electrons. Soft X-ray detectors often resolve a weak (<10% of the total
X-ray ﬂux) and cool (∼ 0.2keV) quasi-blackbody component, which is ex-
pected to arise from the disc (Di Salvo et al., 2001; Miller et al., 2006a). The
fractional contribution of the disc ﬂux increases with source luminosity, but
not signiﬁcantly.
The hard state covers the largest range of luminosity, spanning from below
10−4LEdd up to ∼ 0.2LEdd, during which only slight softening of the X-ray
colour is observed, which is likely to be due to a combination of increasing
disc ﬂux contribution and a steeper power-law slope. There is a high level
of aperiodic variability (up to 50%), which decreases gradually with source
luminosity (van der Klis, 2006; Mu˜ noz-Darias et al., 2011). In bright stages1.3 Black hole spectral states 9
Figure 1.4: Characteristic X-ray spectra of Cygnus X-1 in the low/hard (blue),
high/soft (red) and intermediate (green) states. The low/hard state is dominated
by the power-law emission, peaking in power at around 100keV. The turnover at
this energy is thought to signify the temperature of the coronal electrons, leading
to the interpretation of the spectrum as thermal Comptonisation. The high/soft
state displays a dominant thermal blackbody spectrum peaking at around 1keV,
and a weak power-law tail which can extend up to MeV energies (Zdziarski et al.,
2002), thus likely to arise (at least mostly) from non-thermal Comptonsiation. The
emission at 6keV and curvature around ∼ 20keV are strong signatures of X-ray
reﬂection, which is described further in §1.4. The intermediate state is a mixture
of the hard and soft states. This ﬁgure was adapted from Zdziarski et al. (2002).
(>0.01LEdd; Motta et al. 2011) a type-C low-frequency quasi-periodic oscil-
lation (LFQPO)3 is also observed, of which the centroid frequency increases
withsourceﬂux(Mottaetal.,2011). Steadyradioemissionisalsoobservedat
GHz frequencies, associated with a steady compact jet (Fender et al., 2004),
and is well correlated with the X-ray emission (Corbel et al., 2003; Gallo
et al., 2003, 2012; Corbel et al., 2013a). The source spans many decades in
X-ray luminosity as it rises up the hard state, but nevertheless shows little
spectral evolution. There may be strong changes in the disc spectrum; how-
3LFQPOs are separatedintothree classes (Casella et al.,2005): (A) Type-Aareweak andbroad.
Very low amplitude red noise is observed and they peak around 8Hz. (B) Type-B are narrow and
occur at around6Hz, again during periods of weak red noise. They are also slightly stronger (∼ 4%
RMS). (C) Type-C in contrast are much stronger (up to 16% RMS), narrow and the peak covers a
broad range of frequencies (0.1–15Hz). They are also associated with strong ﬂat-top noise.10 Chapter 1. Introduction
ever, this peaks in the optical-ultraviolet during this phase, which is subject
to heavy extinction for most BHXRBs due to large columns of intervening
material.
The high/soft state
In stark contrast, the high/soft state (hereafter ‘soft state’) is dominated by
a soft quasi-blackbody spectrum, which arises from the accretion disc (Fig.
1.2). Thepeak disctemperatureis nowmuchhotter(1–2keV)and contributes
the majority of the X-ray ﬂux (>80%). A hard power-law component still
exists; however, it is weaker and considerably steeper (Γ ∼2–3). Further-
more, the power-law appears unbroken and can extend up to MeV energies
(Zdziarski et al., 2002), which both suggest a signiﬁcant contribution to the
power-law spectrum comes from non-thermal Comptonisation. The soft state
exists only above 0.01LEdd, and may extend all the way to the Eddington
limit. The level of variability is signiﬁcantly diminished (rms <5%) and
the radio emission is now undetected, which is believed to signify quenching
of the jet (Fender et al., 2004; Russell et al., 2011). In addition, accretion
disc winds are observed in high-inclination sources (i>70◦; where i = 0◦
and i = 90◦ are face-on and edge-on respectively), and are thus thought to be
ubiquitous in this state (Ponti et al., 2012).
The intermediate states
When sources switch between the canonical hard and soft states they enter
the intermediate states. This phase lasts only a matter of days and natu-
rally represents a mix of the hard and soft state characteristics. The disc and
power-law components are now roughly equal in ﬂux, whilst the respective
temperature and slope are typically intermediate as well (i.e. kT∼ 0.6keV
and Γ ∼ 2−2.5). The total ﬂux rises by a factor of ∼ 5 during this stage.
Theintermediatestatecanbeseparatedintotwophases: thehard-intermediate
(hereafter ‘HIMS’) and soft-intermediate (hereafter ‘SIMS’) states. Whilst
their spectra are much alike, contrast is much more apparent via their tem-
poral features. The HIMS occurs directly after (before) a transition from (to)
the hard state, and temporally is an extension of the hard state: the power-
spectrum is dominated by band-limited noise, which continues to decreases
upon transition to the HIMS. The type-C QPO continues to increase in fre-
quency as well. Instead, during the SIMS the band-limited noise disappears
(fractional rms now <10%), and is replaced by power-law noise. A marked1.3 Black hole spectral states 11
type-B QPO is also apparent. For more information I refer the interested
reader to the review by Belloni et al. (2011). During the intermediate states
bright radio ﬂares are also observed, which are often resolved as discrete rel-
ativistic plasma ejections (Fender et al., 2004).
Persistent sources, of which there are few, are generally associated with one
spectral state. LMC X-1 for example is only observed in the soft state. Some, like
Cygnus X-1 and LMC X-3, sometimes make state transitions, but do not exhibit
large changes in luminosity as a result (less than a factor of 10). However, transient
systems undergo outbursts, whereby they showcase predictable cycles to and from
quiescence. This is best portrayed in the hardness-intensity diagram (HID; Fig. 1.5
left; Homan et al. 2001; Fender et al. 2004).
A source will always rise out of quiescence into the hard state. At some luminos-
ity (0.05–0.2LEdd) the system will transition to the soft state, via the intermediate
states described previously. In the soft state the source gradually decays, although
some brief excursions to the intermediate states sometimes occur. Upon reaching a
luminosity of ∼ 0.02LEdd the source transitions back to the hard state (Maccarone,
2003), where it will return to quiescence. All BHXRBs reach quiescence via the
hard state. Furthermore, no black hole system has ever been observed to exhibit
clockwise motion on the HID, although there are occasional clockwise excursions.
This evolution has been observed for a number of transient black holes, of which
manyhaveundergonesuch outburstson multipleoccasions (Dunnet al.,2010). The
temporal evolution of the black hole is well portrayed by the rms-intensity diagram
(RID; Mu˜ noz-Darias et al. 2011; Fig.1.5 right). These cycles typically last for a
few hundred days (Fig. 1.5).
1.3.1 Accretion ﬂows and the ISCO
It is now generally accepted that the accretion disc extends all the way to the ISCO
in the soft state. Key evidence for this came via the L ∝T4 relation (Eq. 1.6), which
if followed represents a constant disc inner radius. Gierli´ nski and Done (2004), and
later Dunn et al. (2010), showed that many BHXRBs follow this trend in the soft
state. Using constraints on the system parameters, they also found that the calcu-
lated inner radii are consistent with ISCO for a number of these sources. Steiner
et al. (2010) later studied the persistent source LMC X-3, which is mostly observed
in the soft state, using 26 years of observations with a number of X-ray observa-
tories. They applied the relativistic accretion disc model KERRBB to these data,12 Chapter 1. Introduction
Figure 1.5: The spectral and temporal evolution of BHXRB outbursts, displaying
using the 2007 outburst of GX 339−4 analysed in Chapter4. Left: The hardness-
intensity diagram (HID), which plots the X-ray colour (hard/soft bands) against the
source ﬂux. All sources evolve in a anti-clockwise manner, and the approximate
spectral states have been separated using dashed lines. Right: The rms-intensity
diagram (RID), which displays how the rms variability evolves with source inten-
sity. Dotted lines indicates the respective fractional rms levels, indicating that the
hard state is much more variable than the soft.
showing that the disc inner radius is consistent with being constant, and within 6rg,
over this long timeline.
The standard Shakura–Sunyaev thin disc model applies whenever the disc lu-
minosity is somewhat below the Eddington luminosity LEdd, with the general con-
sensus being that a limit of 30% applies (McClintock et al., 2006). Above this
the disc becomes too optically thick to radiate locally, and instead the radiation is
trapped and advected inward. The ‘slim disc’ solution (Abramowicz et al., 1988)
describes a cool, optically thick, advection-dominated accretion ﬂow (ADAF). A
further ADAF solution exists at low values of ˙ M (Narayan and Yi, 1995; Esin et al.,
1997), whereby the ﬂow is optically thin and the gas is unable to cool efﬁciently.
This is the current favoured type of accretion ﬂow for systems in quiescence (Mc-
Clintock et al., 1995; Narayan and Yi, 1995; Narayan et al., 1996; Esin et al., 1997;
McClintock et al., 2001; Esin et al., 2001; McClintock et al., 2003). However, the
application of advection dominated accretion modes to explain the hard state and
quiescence also coincides with a persistent outﬂow in the form of a jet, which can
itself remove the need for the advection of energy beyond the event horizon (Fender
et al., 2003).
The spectral characteristics of the hard state have led many to believe that the1.3 Black hole spectral states 13
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Figure 1.6: An illustration of the truncated disc model, adapted from a ﬁgure in
Esin et al. (1997). As the mass accretion rate increases, the inner disc radius moves
inwards, cooling the hot ﬂow (blue). Eventually, in the soft state, the disc reaches
the innermost stable circular orbit (ISCO).
standard opticallythick and geometricallythinaccretion discisreplaced intheinner
regions by what is essentially its converse; a hot, optically thin, geometrically thick
ﬂow. This is commonly referred to as the ‘truncated disc model’, and is illustrated
in Fig. 1.6. A typical hard state spectrum, which is ﬁt by a thermal Comptonisation
model of Γ ∼ 1.4 with an exponentialcut-offat Ec ∼ 100keV (thoughtto represent
the electron temperature), sees an increase and decrease in Γ and Ec respectively as
the source luminosity rises. Both of these characteristics are consistent with an
increasing amount of cool disc photons entering the hot ﬂow and cooling it, hence
softening the spectrum. Thus, as the accretion rate increases, the truncation radius
of the inner disc is expected to decrease, and ultimately leads to the state transition,
where is inner accretion disc is at, or close to, the ISCO.14 Chapter 1. Introduction
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Figure 1.7: An illustration of the accretion geometry on to a black hole. The X-
ray spectra can be well modelled by three components: thermal emission from the
accretion disc (blue), power-law emission from disc photons Comptonised in a hot
corona (green), and reprocessed (‘reﬂected’) emission arising from Comptonised
photons irradiating the cool accretion disc (red).
However, there are two distinct claims in the literature strongly arguing against
this even at relatively low luminosities in the hard state: (1) The detection of sig-
niﬁcantly broadened iron lines at low accretion rates (Miller et al., 2002, 2006b;
Reis et al., 2008, 2010) offer evidence of relativistic effects at or near to the ISCO,
although this is still strongly challenged both directly by the re-analysis of data
(Done and Gierli´ nski, 2006; Yamada et al., 2009; Done and Diaz Trigo, 2010;
Kolehmainen et al., 2014) and indirectly through new observations (Tomsick et al.,
2009;Shidatsu et al., 2011; Petrucci et al., 2014). (2) A geometrically thindisc with
a ﬁxed inner radius will closely follow the L ∝ T4 relation (Gierli´ nski and Done,
2004; Dunn et al., 2011), and hence deviations from this can reveal truncation of
the inner disc. The debate remains unresolved with arguments for (Gierli´ nski et al.,
2008; Cabanac et al., 2009) and against (Rykoff et al., 2007; Miller et al., 2006a;
Tomsick et al., 2008; Reis et al., 2009, 2010) disc truncation.
1.4 X-ray reﬂection
Whilstphotonsup-scattered in thecoronaare observeddirectly as ahard power-law,
many will also irradiate the cool optically-thick disc. This will lead to a number of
reprocessing features, collectively known as the reﬂection spectrum. This environ-
ment is illustrated in Fig. 1.7.
A hard X-ray photon incident upon the relatively cool accretion disc is bound to1.4 X-ray reﬂection 15
a number of possible interactions, and this subject is well reviewed in the literature
(Fabian et al., 2000; Reynolds and Nowak, 2003; Miller, 2007; Fabian and Ross,
2010). Ultimately the outcomeis dependent upon the energy of the incident photon,
and the ionisation state of the irradiated gas. I will ﬁrst focus upon the former.
Photons of low energy (<10keV) are likely to be photoelectrically absorbed by
neutral atoms, which occurs when the photon energy exceeds the threshold energy
of the respective photoelectric transition. In doing so a K-shell (n=1) electron is
ejected, which is replaced by an L-shell (n=2) electron. The atom then de-excites
throughtwopossiblemechanisms: theexcessenergy isemittedviaaKα ﬂuorescent
photon; or the energy is released through the ejection of a second L-shell electron
(Auger de-excitation). Which process occurs is deﬁned by the ﬂuorescent yield,
which represents the probability that de-excitation occurs via ﬂuorescence rather
than the Auger effect. The yield increases with atomic number, roughly as Z4; thus,
as a consequence of abundance and yield, iron is the strongest ﬂuorescent emission
line observed. The yield of neutral iron is 34%; however, this varies for higher
ionisation stages (Frank et al., 2002).
Due to photoelectric absorption, the reﬂection albedo is small below 10keV. The
photoelectric cross-section goes approximately as σ ∝ 1/E3; hence, for incident
hard X-rays (>10keV) photoelectric absorption is no longer important. Instead,
most of the hard X-rays are Compton scattered off free electrons. This results in an
excessofphotonsaround20–50keV,whichiscommonlyreferred toas theCompton
hump. This was predicted by Lightman and White (1988) and was soon followed
by George and Fabian (1991) and Matt et al. (1991), who performed Monte Carlo
calculations of ﬂuorescent emission resulting in estimates of equivalent widths, line
strengths and angular dependence for the Fe K line. Figure 1.8 shows the result of
a Monte-Carlo simulation modelling a power-law continuum of Γ= 2 incident on a
slab of gas. The strength of the Fe Kα emission and Compton hump is immediately
evident.
1.4.1 Ionised slab models
The surface layers of the accretion disc are likely to become ionised by the powerful
irradiation arising from the corona, and has led to many works studyingthe effect of
ionisation upon the reﬂection spectrum (Ross and Fabian, 1993; Matt et al., 1993;
Zycki et al., 1994; Ross et al., 1999; Nayakshin et al., 2000; Nayakshin and Kall-
man, 2001; Ballantyne et al., 2001; Ross and Fabian, 2005). In particular, Ross and
Fabian (2005)presented thegrid REFLIONX, whichis todaythemostwidely applied16 Chapter 1. Introduction
Figure 1.8: A Monte-Carlo simulation of the X-ray reﬂection from an illuminated
slab of gas. The green dashed line indicates the power-law spectrum (Γ = 2) in-
cident upon the disc, and solid red line shows the resultant reﬂected spectrum,
including ﬂuorescent emission and a down-scattering excess (‘Compton hump’)
at ∼ 20keV). This ﬁgure was adapted from Fabian and Ross (2010), which was
produced using the model described in Reynolds et al. (1994).
reﬂection model, takingintoaccount thestrongestemissionlinesand self-consistent
treatment of the continuum. More recently, Garc´ ıa and Kallman (2010) introduced
XILLVER (see also Garc´ ıa et al. 2011, 2013) which represents a further advance in
the treatment of atomic processes, in particular making use of the photo-ionisation
code XSTAR.
The extent of ionisation in the surface layers of the disc is deﬁned by the ionisa-
tion parameter
ξ =
4πFx
ne
erg cm s−1, (1.8)
where Fx is the illuminating X-ray ﬂux over a given energy range (1–1000 Ry in
the case of XILLVER4) and ne = 1.2nH, for which ne and nH are the electron and
41Ry = 13.6eV1.4 X-ray reﬂection 17
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Figure 1.9: Reﬂection spectra for various ionisation parameter values from ξ =1–
5000ergcms−1. Asthe disc surface layers become more ionised (for higher values
of ξ), many elements become stripped of electrons. This depletes the forest of
ﬂuorescent lines seen at low ξ, and thus reduces the absorptive opacity, which
increases the albedo at soft energies. The y-axis is arbitrary and spectra are shifted
for clarity. The dashed line represents the incident power-law with slope Γ =2 and
the iron abundance is solar for each spectrum. This ﬁgure was adapted from one
presented in Garc´ ıa et al. (2013).
hydrogen number densities respectively (Tarter et al., 1969; Garc´ ıa et al., 2013).
The effect of ξ on the observed reﬂection is displayed in Figs. 1.9 and 1.10. Tradi-
tionally the ionisation parameter is split into four regimes, which I describe below.
ξ <100 erg cm s−1:
At such low levels of ξ the gas is only weakly ionised, and the resultant
spectrum is similar to that from cold neutral material (Fig. 1.8). All of the
Fe K emission arises at 6.4keV and 7.1keV through the α and β transitions.
There is also a weak absorption edge evident above 7keV. The absorbing18 Chapter 1. Introduction
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Figure 1.10: Reﬂected spectra in the Fe K region (5–8 keV) for various ionisation
parameter values, under the same conditions as in Fig. 1.9. Higher levels of ξ
results in Feemission from more ionised states as surface layers of the disc become
stripped. Adapted from a ﬁgure presented in Garc´ ıa et al. (2013).
effect of the weakly ionised material is evident through the drop-off in the
spectrum below 10keV (Fig. 1.9).
100<ξ <500 erg cm s−1:
In this intermediate regime Fe photons are produced from a range of ionisa-
tion states (Fig. 1.10), thus the resolved proﬁle is broader. The Fe Kβ emis-
sion is weakened as a result of some Fe being highly ionised. The continuum
and absorption are strengthened, whilst between 1–10keV more ﬂuorescent
emission is observed from elements such as Mg, Al, Si, S, Ar and Ca being
excited.
500<ξ <5000 erg cm s−1:
Many low-Z elements are now fully ionised, which again raises the soft con-
tinuum and removes a lot of emission. In turn, elements such as O, Ne, Ar,
Ca and Fe see an increase in emission with further illumination. Fe Kα emis-
sion arises almost entirely in its helium and hydrogen-like forms (at 6.67 and
6.97keV), and a weak amount of Kβ emission is observed from recombi-
nation. Corresponding edges are observed at 8–9keV. Strong back-scattered
emission is also now evident at ∼ 6keV, which is commonly referred to as
the Compton shoulder.1.5 Measuring black hole spin 19
ξ >5000 erg cm s−1:
The surface layers of the disc are now highly ionised leading to an obvious
lack of atomic features, even from Fe. In this stage the albedo is approaching
unity and ultimately the disc acts much like a mirror. As a result there is little
contrast between the reﬂection continuum above and below 10keV, which
now appears very similar to the incident power-law.
Nearly all models of ionised gas slabs are aimed at modelling AGN X-ray spec-
tra, thus assuming an illuminating power-law spectrum. In BHXRBs, lighter ele-
ments in the surface layers are expected to be fully stripped by the ionising power
of the hotter disc (recall from Eq. 1.7 that T4
in ∝ 1/MBH for a given Eddington ratio
˙ M/MEdd), resulting in a high albedo and values of ξ (Ross and Fabian, 1993; Zycki
et al., 1994). This effect also leads to more effective Fe emission, since the fully
ionised lighter elements are not able to absorb the emitted Fe photons (Matt et al.,
1993). It is therefore common for BHXRBs to be associated with larger values of
ξ than AGN, and the ﬁeld is lacking a self-consistent model that includes a true
illuminating spectrum for a stellar mass black hole. Ross and Fabian (2007) inves-
tigated the inclusion of a black-body spectrum into their standard slab model (Ross
and Fabian, 2005), which conﬁrmed that the resultant BHXRB reﬂection spectrum
appears considerably more ionised for a given value of ξ.
1.5 Measuring black hole spin
As described in §1.1, astrophysical black holes are characterised by just two param-
eters: mass and spin. The effect of mass is evident over large scales through gravity,
and has been measured for decades through the interaction of the black hole with
other objects. In the case of BHXRBs this can be done via the companion star (see
Casares and Jonker 2013 for a recent review). However, the effect of spin is only
evident very close to the black hole (but see §1.5.3), and thus detailed studies of the
accretion disc are required to expose the effects of spin.
Bardeen et al. (1972) revealed a distinct link between the innermost stable circu-
lar orbit (ISCO) and spin. In very simple terms, the effect of frame dragging allows
stable particle orbits to exist closer to the black hole without plunging. Thus, by
measuring the ISCO of the disc one can obtain an estimate of the black hole spin
(Fig. 1.11). The dimensionless spin parameter can range from zero to 0.998, at
which point the counter-acting torque produced by disc radiation being captured
prevents further spin-up of the black hole (Thorne, 1974). A negative spin refers to20 Chapter 1. Introduction
Figure 1.11: Top: An illustration of the accretion disc for different values of black
hole spin. Image credit: NASA/JPL-CALTECH. Bottom: The variation of the
ISCO and disc efﬁciency η for the full range of black hole spin. Retrograde and
prograde discs are plotted with blue and red lines respectively. The black hole
event horizon is also indicated by the dashed green line.
black holes with a non-zero spin rotating in the opposite direction to the accretion
disc. Therefore, since the matterhas retrograde orbits, such black holes are often re-
ferred to as being ‘retrograde’. However, it is uncertain how retrograde black holes
are formed. One suggestion is that ﬂuctuations in wind-fed accretion could lead to a
reversal in the rotational direction of the disc (Shapiro and Lightman, 1976; Zhang
et al., 1997). Reis et al. (2013a) also suggest that the tidal capture of a star in a glob-
ular cluster (Fabian et al., 1975) could permit retrograde accretion. Recently, the
observational evidence for retrograde spin has increased, with a number of works
reporting results consistent with negative black hole spins (Gou et al., 2010; Reis1.5 Measuring black hole spin 21
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Figure 1.12: The various newtonian and relativistic effects leading to the broad
relativistic Fe line. The severity of these effects is a function of how close to the
black hole the emission occurs, thus it can be used to infer the spin of the black
hole. The effect of spin is displayed in Fig. 1.13.
et al., 2013b; Middleton et al., 2014; Morningstaret al., 2014), although there is the
signiﬁcant caveat that a negativespin could just be a prograde black hole with a disc
truncated from the ISCO. Finally, I note that a black hole is expected to retain its
natal spin for a signiﬁcant amount of its lifetime (King and Kolb, 1999; Maccarone,
2002).
There are two leading X-ray spectroscopic methods to estimate the spin of black
holes: (1) The broad Fe line method and (2) the disc continuum method. I will
describe both in the sections below.
1.5.1 The Fe line method
Material orbiting close to a black hole will undergo a number of Newtonian and
relativistic effects, which will affect the emission observed at inﬁnity. This was ﬁrst
displayed in Fabian et al. (1989), who concluded that the dynamics of a black hole
can be inferred from observing these effects via the transformation of an emission
line. An intrinsically narrow line will ﬁrstly be broadened by the Newtonian rota-
tional effect of the disc. Two peaks will be formed through emission being blue and
red-shifted as the material rotates towards and away from the observer respectively.
The inner parts of the disc will also be travelling at mildly relativistic velocities;
hence, relativistic aberration (“Doppler beaming”) will occur, strengthening and
weakening the blue and red peaks respectively. In addition, the transverse Doppler
effect (“time-dilation”) will redden such emission. Finally, the intense gravitational
well of the black hole will gravitationally redshift the emitted photon. The resul-
tant emission proﬁle summed over all radii will be asymmetric, exhibiting broad
red and sharp blue wings. This process is illustrated in Fig.1.12, and a number of22 Chapter 1. Introduction
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Figure 1.13: Relativistic Fe lines for different values of black hole spin, created
using the model RELLINE. The inclination is set at 40◦ and an emissivity proﬁle
of R−3 is used. As higher prograde spin acts to bring the ISCO inwards, stronger
red-shifting of the proﬁle is observed, which smears the proﬁle further. Note that
the blue wing remains sharp and largely unchanged. This ﬁgure was adapted from
one presented in Dauser et al. (2010).
codes exist modelling such proﬁles (Fabian et al., 1989; Laor, 1991; Beckwith and
Done, 2004; Dovˇ ciak et al., 2004; Brenneman and Reynolds, 2006; Dauser et al.,
2010). The Fe Kα is ideal for this technique, since it is abundant and carries a high
ﬂuorescent yield. It also occurs at 6.4keV, where the continuum ﬂux is relatively
low in comparison to lighter elements. Relativistic broadened Fe Kα emission lines
have been reported from AGN (Tanaka et al., 1995), BHXRBs (Miller, 2007) and
neutron stars (Cackett et al. 2008; but see also Ng et al. 2010).
These effects are naturally a function of the inner extent of the disc. Through the
relation between the ISCO and spin (Fig. 1.11) the latter can be inferred assuming
the disc is at the ISCO (Fig. 1.13). Should the disc be truncated from the ISCO
this method can also be used to determine to what extent this occurs. This approach
has now been used to estimate black hole spin in both AGN and stellar-mass black
holes, for a number of sources. Rather than list all of them I refer the reader to the
recent reviews of Miller (2007) and Reynolds (2013).
The biggest weakness of the Fe line method is the relatively small signal which
therelativisticeffects areimprintedupon. Theproﬁleisalsodependent uponanum-1.5 Measuring black hole spin 23
ber of additional factors. The emissivity proﬁle of the disc must also be modelled,
and currently all spin estimates have assumed a power-law function with radius.
Only recently have models been produced to self-consistently calculate the emis-
sivity proﬁle via properties such as the height of the illuminating source. The emis-
sivity,and ﬁtted discinclination, strongly affect the proﬁle, which can lead to severe
model degeneracies. I perform a detailed analysis of this in Chapter 2. When mod-
ellinga proﬁle smeared overa larger energy range(usually 4–8keV), the continuum
model can considerably affect the inferred results (Kolehmainen et al., 2011). To
this end, the Fe line method is best applied to the hard state where the continuum
at 6keV is typically dominated by the power-law emission. However, as I show in
Chapter 3, measuring spin in the hard state is impossible due to the inner accretion
disc being truncated from the ISCO. Instrumental effects, particularly photon and
pattern pile-up, can also severely alter the observed proﬁle, and has been the sub-
ject of much debate in recent years (see e.g. Miller et al. 2010 versus Done and
Diaz Trigo 2010 and Ng et al. 2010). As discussed in §1.4, the current reﬂection
models lack the self-consistent treatment of a physical BHXRB illuminating spec-
trum. The application of the Fe line method to AGN is less susceptible to some of
these ﬂaws: the disc spectrum does not enter the continuum at 6keV; count rates are
much less, reducing pile-up; and the reﬂection models are aimed at AGN. However,
AGN spectra can be considerably more complex, often complicated by substantial
and variable levels of absorption (Miller et al., 2008b). In some cases, apparent
reﬂection features can be modelled entirely through a continuum modiﬁed by ab-
sorption. This is largely hampered by a lack of broadband coverage available for
AGN, which are often too faint for hard X-ray detectors.
1.5.2 The continuum method
The ISCO can also be inferred from the accretion disc continuum ﬂux through the
Novikov–Thorne disc model (Novikov and Thorne, 1973), which is a relativistic
generalisation of the Shakura–Sunyaev model described in §1.2 (see McClintock
et al. 2011 for a recent review). The principle can be easily understood through
the way a star’s radius R∗ is measured. The luminosity of a star is given by L∗ =
4πD2Fobs = 4πR2
∗σT4; thus, if the ﬂux Fobs and temperature T can be measured,
one obtains (R∗/D)2, which represents the solid angle subtended by the star. One
can therefore obtain the star radius R∗ if the distance D is known.
For an accretion disc we know that the ﬂux emitted varies with radius, and thus
so does the characteristic temperature (Eq. 1.6). But this function is embedded in24 Chapter 1. Introduction
Figure 1.14: Relativistic accretion disc spectra created using the model KERRBB
(Li et al., 2005). Each model is produced for differing values of spin indicated by
their respective colour. One can see that increasing spin acts to increase the peak
temperature and ﬂux of the spectrum. For all model spectra a black hole mass
of 10M⊙, distance 10kpc, inclination 60◦ and effective accretion rate 1018 g s−1
(∼ 1.6×10−8 M⊙/yr) were used.
the Novikov–Thorne model. A number of corrections apply, most importantly due
to the disc inclination which will alter the solid angle of the disc, but the principle is
there. This was ﬁrst described in the pioneering work of Zhang et al. (1997). In the
past decade a huge effort has been made to calculate the spin via the disc spectra of
black holes, leading to two leading models KERRBB (Li et al., 2005) and BHSPEC
(Davis et al., 2005). Figure 1.14 displays disc spectra modelled for different values
of spin using KERRBB. This method has been successfully applied to a number of
BHXRBs (McClintock et al., 2011, 2013).
The biggest handicap of the continuum method is the requirement for the black
hole mass, accretion disc inclination, and distance to the source to be known. Ob-
taining all three requires considerable effort, and despite a plethora of X-ray data
much of it cannot be used due to a lack of these parameters. Non-blackbody ef-
fects must also be modelled as the radiation passes through the disc atmosphere1.5 Measuring black hole spin 25
(the spectral-hardening factor). However, because of the extremely high signal of
the disc spectrum (>80% in soft-states), the continuum method can make use of
low-resolution data, such as from RXTE, and thus a lot of its power comes from
large systematic studies. It is, however, inherently ﬂawed by the inverse relation
between peak temperature and black hole mass (Eq. 1.7); hence, the disc spectrum
from AGN will peak in the ultraviolet. This renders the disc spectrum heavily sus-
ceptible to extinction, and means the continuum method cannot be widely applied
to AGN (but see also Done et al. 2013).
1.5.3 On the spin-powering of relativistic jets
Outﬂowsintheformofjetsareaubiquitouscomponentofaccretion. FromBHXRBs
we observe two distinct types of jet; in the hard state the jet is deemed to be steady
and compact, and is associated with a ﬂat radio spectrum. In contrast, during the
state transition bright radio ﬂares are observed, which are often resolved to be dis-
crete and powerful ejection events. During the soft state the core jet power appears
to be reduced by orders of magnitude (Fender et al., 2004; Russell et al., 2011).
The idea of potentially tapping the black hole as a source of energy has been
around for many decades (Penrose, 1969). Building on this, Blandford and Znajek
(1977) displayed that a magnetic ﬁeld supported by an accretion disc could lead
to the electromagnetic extraction of angular momentum from the black hole, and
thus power an astrophysical jet. Recently, with increasing measurements of jets
and black hole spin, interest in this topic has been revived. The latest simulations
suggest a very strong coupling between black hole spin and jet power (McKinney,
2005; Tchekhovskoy et al., 2011).
Evidence for the observed range of jet powerhas proven to be elusive, and is par-
ticularlyhamperedby alack ofkeycharacteristics (e.g. composition,ﬁeld strength).
Much focus therefore has now turned to comparing spin estimates with proxies of
jet power. This was ﬁrst attempted by Fender et al. (2010) who compared the full
scope of spin estimates, and found no evidence for such a coupling. Considerable
doubt exists in both of the spin estimation methods, and applying a fair proxy for
jet power is particularly difﬁcult; thus, they concluded that either could be in error,
as well as that the coupling itself may not exist. This was followed by Narayan and
McClintock (2012), who found that by using a select sample of spin estimates via
the continuum method, and jet power derived from the peak radio ﬂare, that a corre-
lation existed. This, however, only included ﬁve sources, and a sixth was added in a
later publication by Steiner et al. (2013). Russell et al. (2013) then showed using a26 Chapter 1. Introduction
full sample that the peak radio ﬂux differs considerably depending on the outburst,
and found no statistically signiﬁcant evidence for a correlation. Since this, at least
one further source, a transient BHXRB in M31, appears to contradict the spin–jet
relation (Middleton et al., 2014).
1.6 GX 339−4
The source GX 339−4 features in Chapters 3, 4 and 5 of this thesis, and therefore
deserves a short introduction. GX 339−4 was discovered in 1973 by the seventh
NASA Orbiting Solar Observatory (Markert et al., 1973), and has exhibited nu-
merous outbursts since. Whilst GX 339−4 is transient, and covers many orders of
magnitude in X-ray luminosity during outbursts, it never reaches a true quiescent
state, and is always too bright to allow the companion to be detected (Shahbaz et al.,
2001). This means that the system parameters cannot be determined via the stan-
dard method: by measuring the radial velocity curve of the companion, typically
via photospheric absorption lines (Casares and Jonker, 2013). Instead, Hynes et al.
(2003) were able to dynamically conﬁrm GX 339−4 as a black hole using emission
lines as the companion is strongly irradiated during a bright phase of an outburst.
Following this, Mu˜ noz-Darias et al. (2008) provided an improved constraint on the
mass ratio, setting a lower limit to the companion mass of MC ≥ 0.17M⊙.
The mass function is used to describe binary systems, which is deﬁned as
f(M) =
MBHsin3i
(1+q)2 (1.9)
where MBH is the black hole mass, i is the orbital inclination of the system, and
q=MBH/MC is the mass ratio. Using the mass function constrained by Hynes et al.
(2003; f(M) = 5.8M⊙), for MC = 0 and MBH = 20M⊙ respectively, the inclination
of the system must be i>41.4◦. A larger MC, or smaller MBH, would increase the
lower limit on the binary inclination. In addition, the limit of MBH = 20M⊙ is very
extreme, and ∼ 5M⊙ larger than any known stellar-mass BHXRB (Casares and
Jonker, 2013). Therefore, i>41.4◦ represents a strict lower limit on the binary in-
clination. It has recently been shown that accretion disc winds are ubiquitously ob-
served via narrow absorption features in the soft states of high-inclination BHXRBs
(i>70◦; Ponti et al. 2012). The soft state of GX 339−4 has never been observed to
have such features, nor has it ever been seen to show dips, or eclipses, in its light-
curve, which are the hallmark of a high-inclination source. We can therefore also
set a tentative upper limit to the binary inclination of i<70◦ (assuming the binary1.7 Thesis Overview 27
and disc inclination are aligned).
GX 339−4 is one of the most active transient systems, and has exhibited four
complete outburst cycles (with state-changes) in the past twelve years. As a result,
GX 339−4 is one of the most studied transient systems, and an extensive archive
of X-ray data has been amassed, allowing unique systematic studies of a transient
BHXRB (Chapters 3 and 4). To this end, it has formed the basis of many important
works key to our understanding of BHXRBs (see e.g. Belloni et al. 2005; Dunn
et al. 2010; Corbel et al. 2013a and references therein).
1.7 Thesis Overview
In this introduction I have presented our current understanding of the X-ray prop-
erties of BHXRBs. I have paid particular attention to black hole spin estimates,
which is a controversial and important area, and in a large part motivated this the-
sis. In Chapter 2 I investigate the accuracy of spin estimates using the broad Fe
line method, which may be falsely masking the lack of evidence for a correlation
between spin and jet power. Chapter 3 looks at the Fe line in the hard state of the
black hole GX339−4, where I ﬁnd the strongest direct evidence to date for inner
disc truncation. This work also rules out the potential for black hole spin estimates
through reﬂection in the hard state, which is the ideal period to apply this tech-
nique. In Chapter 4 I present the largest ever systematic study of X-ray reﬂection
using a self-consistent treatment. This allows the geometrical evolution of the disc
and corona to be mapped, and attempts to establish the dynamics behind BHXRB
outbursts. Chapter 5 presents analysis of three recent XMM-Newton observations
of GX 339−4 using the small window science mode, which allow an excellent
constraint and comparison of the disc inner radius through the disc and reﬂection
methods. Finally, in Chapter 6 I discuss the scientiﬁc impact of these studies and
look towards future prospects.2
Testing black hole spin measurements:
on the systematic errors in X-ray
reﬂection ﬁtting
In this chapter I examine the systematic errors associated with measuring black
hole spin through X-ray reﬂection spectroscopy. I test a variety of models against
three XMM-Newton observations which display clear relativistically broadened Fe
Kα emission lines, and show that model degeneracies can signiﬁcantly affect the
resolved parameters. I display how this is particularly prevalent in relativistic line
models, which I conclude should never be used as a means to measure black hole
spin. Self-consistentreﬂectionmodellingislesssusceptibletodegeneracies, butcan
neverthelessbesigniﬁcantlyaffected aswell. In particular,theinclinationparameter
is a source of a lot of uncertainty, and this work emphasises how necessary it is to
have constraints on the disc inclination via other established means, such as the jet
or binary inclination, if a stringent measurement of spin is to be achieved.
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2.1 Introduction
Much debate surrounds the measurement of black hole spin through X-ray spec-
troscopy. The two methods applied, continuum and reﬂection ﬁtting, are quite con-
trasting in their approach. Continuum ﬁtting ﬁts the quasi-blackbody component
of the accretion disc, which can often account for >90% of the X-ray ﬂux in soft
states (see e.g. Figure4.13), hence offering excellent constraints. However, to ﬁt
the accretion disc spectrum one requires an accurate determination of the binary
parameters – mass, distance and inclination – which are often difﬁcult to obtain.
Reﬂection ﬁtting is, however, independent of mass and distance, but the Fe Kα
line, on which the relativistic effects are imprinted, offers only a small % of the
overall signal. Furthermore, it requires the ﬁtting of many other parameters which
also directly impact the inferred spin, and are not otherwise constrainable (e.g. the
ionisation stage and emissivity proﬁle; see §1.5 for more details on the two spectro-
scopic methods used to measure black hole spin).
Another contrast between the two methods is often in the spin estimate they
produce (see e.g. GRO J1655-50 Shafee et al. 2006; Reis et al. 2008, 2010). At
a minimum, if one is to have any conﬁdence in the two methods, then they must
yield the same result, and thus at least one of the techniques must be in error if they
differ. Relativistic jets may be able to extract energy via black hole spin (Blandford
and Znajek 1977; Tchekhovskoy et al. 2011), and hence correlations should exist
between the spin and jet power. Fender et al. (2010) compared the two and found
that there was no evidence for such a correlation, and concluded that at least one
of the following statements is true: (1) The jet power estimates are in error; (2)
the spin estimates are in error; (3) black hole spin does not power relativistic jets.
Narayan and McClintock (2012)found evidencefor a correlation between jet power
and spin, but relied on a small and select sample of spin estimates, and the statistical
signiﬁcance of their work was also later challenged by Russell et al. (2013).
To some extent, the conﬁdence limits reported for spin estimates may be serving
to conﬂict the two methods. For example, (Reis et al., 2009) published a spin es-
timate of 0.935±0.01(statistical)±0.01(systematic), whereby the systematic error
comesfromthecomparisonofresultsfromtwoobservations. Motivatedbythis, and
conclusion (2) of Fender et al. (2010), in this Chapter I analyse three XMM-Newton
observations to investigate how accurate spin estimates using X-ray reﬂection are.2.2 Observations and data reduction 31
2.2 Observations and data reduction
To obtain the best possible analysis of the reﬂection features, this investigation was
restricted to only high-resolution observations with a large effective area at 6keV.
This action was taken in order to best resolve the Fe K emission, and ultimately
constrained the investigation to XMM-Newton and Suzaku. In particular this study
aims to investigate how accurately black hole spin can be measured with the cur-
rently available instruments. In Chapter3 of this thesis I show that in the hard
state of BHXRBs the inner accretion disc is probably truncated from the ISCO, and
therefore the Fe line proﬁle is independent of the spin of the black hole. Later in
Chapter4 I display how the Fe line proﬁle is at its most prominent in the hard-
intermediate state (HIMS), and recent works have shown this stage to display pro-
ﬁles clearly broadened by relativistic effects (Hiemstra et al., 2011; Reis et al.,
2011; Walton et al., 2012), making the HIMS the ideal state for this study. A recent
investigation by Kolehmainen et al. (2011), showed that in the case of the disc and
power-law components having equal ﬂuxes around the Fe K range, ﬁtting a broader
disc component can signiﬁcantly alter the line proﬁle, leading to very contrasting
spin estimates. This. therefore, makes observations in the soft-intermediate (SIMS)
and soft states inadequate for this study.
2.2.1 Photon and pattern pile-up
Pile-up occurs when several photons hit two neighbouring pixels (pattern pile-up),
or the same pixel (photon pile-up), during one read-out cycle. If this happens the
events are counted as one single event carrying an energy of the sum of the two or
more incident photons, leading to a loss of ﬂux or spectral hardening depending on
whether the energy-rejection threshold is exceeded. It is, therefore, a very impor-
tant issue when observing bright sources, such as BHXRBs. The effects of pile-up
are still not fully understood, and how it transforms the Fe line proﬁle is particu-
larly uncertain: simulations suggest that pile-up narrows line proﬁles (Miller et al.,
2010), whilst observations instead seem to display increased broadening (Done and
Diaz Trigo, 2010; Ng et al., 2010). Since this investigation focuses on determining
the accuracy of the current Fe line models, the uncertainty in how pile-up affects
the Fe line proﬁle means that it is only sensible to use datasets which are free from
pile-up.
Dealing with pile-up requires the removal of central regions of the point-spread
function (PSF); however, this drastically reduces the quality of the spectrum and32 Chapter 2. Testing black hole spin measurements
the effective area of the instrument, which is already largely in decline at and be-
yond 6keV. Thus, the signiﬁcant reduction in the quality of the data when mitigat-
ing pile-up presents another very good reason to avoid piled-up observations. The
XMM-Newton ‘fast modes’ available for the EPIC-pn camera can signiﬁcantly re-
duce the effect of pile-up. For example, in the ‘timing’ mode ‘macropixels’ are
formed of 10pixels in the read-out direction, and one pixel orthogonal to this. This
allows a much faster read-out time than standard imaging modes, and therefore al-
lows much higher incident count-rate to be observed (up to ∼ 800cts/s). However,
BHXRBs are highly variable, and some read-out cycles may be piled-up at count
rates approaching this limit. I note as well that Miller et al. (2010) suggest that
EPIC-pn timing mode can still be susceptible to pile-up below this limit. Therefore,
to maintain a best-case scenario for this investigation, I only use data that requires
no mitigation of pile-up.
Nevertheless, the beneﬁt of XMM-Newton is that the EPIC-pn camera includes
well calibrated ‘fast’ readout options which can deal with the high-count rates com-
mon for galactic BHXRBs. Suzaku on the other hand lacks a well calibrated mode
of this sort, and unsurprisingly no suitable datasets free from pile-up were found
in the archives. Therefore the work presented here employs only HIMS observa-
tions made with XMM-Newton in an EPIC-pn ‘fast’ mode. In addition, and where
available, I used simultaneous RXTE data to increase the broadband coverage. The
following introduces the three sources used in this chapter and the data reduction
procedure.
2.2.2 The standard data reduction procedure
2.2.2.1 XMM-Newton
For the reduction of XMM-Newton observations I employed the Science Analysis
Software (SAS) version 11.0. I only used the EPIC-pn camera (Str¨ uder et al., 2001)
data sets taken in one of the ‘fast’ (timing and burst) modes to avoid photon pile-
up (see e.g. Done and Diaz Trigo 2010). The respective nominal pile-up limits
for timing and burst modes are 800c/s and 60000c/s respectively, which all of the
observations used here are well below. For all sources I applied the SAS task EPAT-
PLOT to assess the extent of any pile-up within the spectrum, and in each case found
it to be insigniﬁcant.
The standard tools were applied to create response and ancillary ﬁles (RMFGEN
and ARFGEN), and only single and double events were used (PATTERN≤4), whilst2.2 Observations and data reduction 33
ignoring bad pixels with FLAG==0. Additionally all spectra were re-binned using
the FTOOL GRPPHA to have at least 20 counts per channel. Finally, I found all
background regions were contaminated, indicated by background spectra clearly
following that of the source. This is a common occurrence with the ‘fast’ modes
of the EPIC-pn, since the telescope PSF exceeds the CCD boundaries (see e.g. Ng
et al. 2010). The source ﬂux was high enough in all the observations that the back-
ground should be <1% of the total observed counts (Ng et al. 2010; see also Chap-
ter 5 which was at a similar ﬂux level), thus I deemed it acceptable to proceed
without implementing any background subtraction.
Before extracting the spectra I applied the SAS task EPFAST to the timing mode
observations to allow for any effect due to charge-transfer inefﬁciency (CTI)1. CTI
results in a gain shift and can hence affect the energy spectrum. In all the observa-
tions the residuals around the instrumental Si and Au features were apparent, and
the 1.75–2.35keV region was ignored for all ﬁts. Many mysterious “soft excesses”
have been reported in binaries, the origin of which remains uncertain and appears
to not be limited to the timing mode (see the XMM-Newton Calibration Technical
Note (0083)1 and references therein). The hallmark of this is a signiﬁcant residual
below 1 keV, which can severely affect the ﬁt, and has already been reported for two
sources in this study (Hiemstra et al., 2011; Reis et al., 2011). After conﬁrming the
residual, which was also present in GX 339−4 in Chapter3, I followed the same
procedure as Hiemstra et al. (2011) and Reis et al. (2011) in setting a 1.3keV lower
limit to the bandpass. No such residual was found for XTE J1650−500, thus the
full available bandpass down to 0.7keV was used.
2.2.2.2 RXTE
The RXTE spectra were prepared by Dr. Mick¨ ael Coriat, which I summarise here.
The datareduction used HEASOFT softwarepackage v6.11 followingthestandard
steps described in the (RXTE) data reduction cookbook2. The PCA spectra were
extracted from the top layer of the Proportional Counter Unit (PCU) 2 which is
the best calibrated detector out of the ﬁve PCUs. The response matrix was then
created and the background was modelled. A systematic uncertainty of 0.5% was
also added to all spectral channels in order to account for calibration uncertainties
in the PCA response matrix. Recently, it has been noted (see Hiemstra et al. 2011;
1I did not apply EPFAST to the burst mode observations of XTE J1650−500 since it strongly
affects the Fe line proﬁle (Walton et al., 2012). This is likely to be because of the extremely high
count rate of this observation being inappropriate for the tool.
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Kolehmainen et al. 2014) that there is a conﬂict in the cross-calibration of the PCA
and EPIC-pn, whereby there is an energy-dependent discrepancy, at least below
∼7keV, and I therefore employed this as the lower limit of the bandpass. In all
cases the PCA was ﬁt up to 20keV.
For HEXTE, the response matrix was produced and the necessary dead-time
correction was applied. The HEXTE background is measured throughout the ob-
servation by alternating between the source and background ﬁelds every 32s. The
data from the background regions were then merged. When possibledata from both
detector A and B was used to extract source and background spectra. However,
from 2005 December, due to problems in the rocking motion of Cluster A, spectra
from Cluster B could only be extracted. On 2009 December 14, Cluster B stopped
rocking as well. From this date, only PCA data were used in the analysis, which
only affects the analysis of XTE J1752−453. HEXTE channels were grouped by
four and ﬁt in the 20–120keV band.
2.2.3 Selected sources
2.2.3.1 XTE J1652−453
XTE J1652−453 (hereafter J1652) was discovered by RXTE in 2009 (Markwardt
et al., 2009c), and subsequent follow-up observed a spectrum consistent with a
black hole, including a strong residual around 6.4 keV corresponding to Fe Kα
emission (Markwardt et al., 2009a; Markwardt and Swank, 2009). Simultaneous
observations with XMM-Newton (ID: 0610000701) and RXTE (ID: 94432-01-04-
00) were taken during the same outburst on August 22, and previous analysis iden-
tiﬁes the source as residing in the hard-intermediate state, with a broad Fe emission
line and corresponding edge a prominent feature in the spectrum (Hiemstra et al.,
2011; Han et al., 2011).
This EPIC-pn observation was operated in timing mode and the source spectrum
was extracted from a region of RAWX [30:46], covering the entire RAWY strip as
is standard. The EPIC-pn spectrum was ﬁt in the 1.3–10keV band as a result of a
“soft excess” being present, as already indicated in Hiemstra et al. (2011).
Currently there is no constraint on any of the binary parameters of J1652 and
therefore the inclination was ﬁt freely other than where stated for the purpose of
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2.2.3.2 XTE J1752−223
XTE J1752−223 (hereafter J1752) is also a recent discovery (Markwardt et al.,
2009b). Initial spectral ﬁts suggested the source to be a black hole candidate and at
that stage residing in the low-hard state, with a prominent Fe K line also reported
(Shaposhnikov et al., 2009; Mu˜ noz-Darias et al., 2010). J1752 was later observed
with XMM-Newton (ID: 0653110101) and simultaneously with RXTE (ID: 95360-
01-11-04) on April 6-7 2010 during the decay of it’s 2009 outburst. J1752 was
reported to be in the decay phase of the low-hard state during the observation (Reis
et al., 2011); however, we ﬁnd that the spectrum is consistent with the source still
residing in the hard-intermediate state (see also Shaposhnikov et al. 2010; Curran
et al. 2011).
The EPIC-pn dataset was again taken in timing mode and I extracted the spec-
trum from a region in RAWX [30:46]. The resultant good exposure time was 18ks.
Once again the EPIC-pn spectrum was constrained to the 1.3–10 keV region due to
a strong residual at lower energies (Reis et al., 2011).
J1752 already has some useful constraints on its binary parameters (e.g. Sha-
poshnikov et al. 2010). Of speciﬁc interest to this study Miller-Jones et al. (2011)
ﬁnd the inclination angle of the jets to be θ <49◦ using optical and radio observa-
tions. Although the inclination angle of relativistic jets may not necessarily corre-
spond to the inclination of the accretion disc (Maccarone, 2003), I apply this as a
tentative, yet useful, constraint in the investigation of this source.
2.2.3.3 XTE J1650−500
Conversely XTE J1650−500 (hereafter J1650) is not only a well studied source, but
it also has one of the most analysed Fe Kα emission lines in the literature, utilising
observations by XMM-Newton (Miller et al., 2002; Reis et al., 2010; Walton et al.,
2012) and BeppoSAX (Miniutti et al., 2004; Done and Gierli´ nski, 2006).
I report on the same XMM-Newton observation ﬁrst discussed in Miller et al.
(2002) and later in Reis et al. (2010) and Walton et al. (2012), where the source was
noted to be consistent with residing in the HIMS state and exhibiting a strong Fe K
line in the spectrum. J1650 was observed in burst mode with the EPIC-pn camera
onboard XMM-Newton on September 13 2001. The spectrum was extracted from
a region in RAWX [27:46] and RAWY [<160]. I applied the RAWY constraint
following the recommendation of Kirsch et al. (2006) where an analysis of the Crab
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intense sources3. I used the full 0.7–10keV energy range; however, there was no
simultaneous RXTE observation to extend the bandpass.
The only constraint on the binary inclination of J1650 is a lower limit of 50◦±3
(Orosz et al., 2004). Later on in the analysis I show that applying this limit is not
necessary. However, introducing an upper constraint of 70◦, as applied in an inves-
tigation by Reis et al. (2010), masks a signiﬁcant degeneracy in the line models. It
is not clear what is the physical motivation for the 70◦ upper limit, but presumably
this comes from the lack of absorption features and eclipses, which are the hall-
mark of an accretion disc with i>70◦ (Ponti et al., 2012). I also note that spectral
and temporal X-ray properties of XTE J1650−500 suggest that the accretion disc
inclination is low (<60◦; Ponti et al. 2012; Mu˜ noz-Darias et al. 2013; Motta et al.
2014).
2.3 Analysis and results
2.3.1 Models used
2.3.1.1 The continuum
The X-ray spectrum of black hole binaries can generally be described by a combi-
nation of a thermal blackbody component originating from the disc and a power-
law of Compton up-scattered seed photons, with the entire intrinsic spectrum sub-
sequently modiﬁed by interstellar absorption. The continuum model used in this
study consists of a disc blackbody DISKBB (Mitsuda et al., 1984) and a POWER-
LAW, in addition to an interstellar photoelectric absorption component PHABS. I
assume the standard abundances of ANGR (Anders and Grevesse, 1989) and BCMC
(Balucinska-Church and McCammon, 1992) in XSPEC and all parameters were
ﬁtted freely, unless otherwise stated. XSPEC version 12.8.0 was used for all the
analysis presented in this chapter.
I initially ﬁt the PHABS∗(DISKBB+POWERLAW) model with the Fe K band (4–
7keV) ignored to ensure any reﬂection residuals there do not effect the continuum
parameters calculated. Figure2.1 displays the subsequent ﬁts for all of the sources,
plusthedata/model ratio withthe ignored Fe K region restored to indicateits promi-
nence with respect to the continuum. For J1650, it appears that the excluded
3Whilst this violates my strict criteria to not analyse sources with pile-up, this action was taken
only as a matter of caution. Even if the full RAWY strip is used EPATPLOT recorded no pile-up in
the spectrum. I note as well that the analysis of Kirsch et al. (2006) was based on observations of
the Crab, which is a much brighter source than XTE J1650−500 was in this observation.2
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Figure 2.1: The XMM-Newton and RXTE spectra when ﬁt to the continuum model (see §2.3.1.1). The 4–7keV region was not included in the
ﬁt (‘ignored’ in XSPEC)to ensure only the continuum was being modelled, then it was added back in (‘noticed’) to display its relative strength
to the ﬁtted continuum. The top section displays the XMM (black) and PCA (red) data divided by the response effective area at each channel,
with the green dotted line indicating the folded model. The lower section shows the data-model residuals in terms of sigma, with each point
having an error bar of one sigma. All spectra are re-binned for the purpose of plotting only, and each x and upper–y axis scale is equivalent. In
addition, a hard state observation of GX 339−4 is included for comparison (Observation 2 in Chapter3), which clearly displays a signiﬁcantly
narrower Fe line than the other three observed in the HIMS.38 Chapter 2. Testing black hole spin measurements
4–7keV region is too narrow for the Fe line proﬁle; however, I still applied the 4–
7keV exclusionto maintaina consistentanalysis of the three sources. I note that the
use of different extraction regions (e.g. 5–8keV) had no effect on the ﬁt parameters
listed in Tables 2.1-2.3. All of the continuum spectra were modelled successfully
with these three components (see §2.3.2) and I hence employed this as the only
continuum model for the entire investigation. Since a power-law is not a physical
model, I also performed ﬁts using the thermal Comptonisation model NTHCOMP;
however, for all three sources the ﬁt was not improved, hence I continued using the
power-law model to allow a direct comparison to theprevious analyses of these data
sets, which all used a power-law.
2.3.1.2 The Fe Kα Line
Speciﬁcally my aim was to investigate the effect of any degeneracies within the
line ﬁtting method upon the determination and conﬁdence level of black hole spin
estimates. Therefore for this analysis I applied the two most widely used models
LAOR (Laor, 1991) and KYRLINE (Dovˇ ciak et al. 2004; recently up-dated version,
private communication with M. Dovˇ ciak), plus the most recent addition RELLINE
(Dauser et al., 2010).
LAOR is the dominant line model applied in the literature; however, the model
table has much poorer resolution relative to more recent models. Despite its ﬂaws,
the LAOR model generally agrees with alternative models and offers an excellent
comparison to previous work. It proﬁles the broadened line from an accretion disc
orbiting a maximal Kerr black hole. Although the spin parameter is ﬁxed one can
still estimate the disc properties through the resolved inner radius parameter. How-
ever, KYRLINE and RELLINE are part of a new generation of line modelling, where
the spin parameter is able to be ﬁtted freely in addition to much higher resolution
tables.
To maintain consistency I applied the following constraints in ﬁts with all three
models. I assume a single power-law dependence for the emissivity which scales
as R−q. Therefore when a model includes a broken power-law emissivity (e.g. RE-
LINE), i.e. where there are two rings of contrasting radial emissivity separated by
a speciﬁc transition radius, I linked the two power-laws to be equal and ﬁxed the
radius. Except where stated, I constrained the rest line energy to be between 6.4–
6.97keV, corresponding to the range of neutral to H-like Fe Kα emission. Addi-
tionally, the outer radius Rout is ﬁxed to be 400rg in all cases, which corresponds
to the highest value of R tabulated for the LAOR model. KYRLINE and RELLINE2.3 Analysis and results 39
are tabulated to 1000rg, but I use the same value to maintain consistency between
the three models. I also note that emission beyond 400rg makes a negligible con-
tribution to the proﬁle for the range of emissivity proﬁles ﬁtted in this study. The
remaining parameters are ﬁtted freely except where stated in section 2.3.2. Finally,
I applied the standard LAOR limb-darkening law (F(µe) ∝ 1+2.06µe)4 in all the
line models. This describes the effect of the angle of emission µe upon the line ﬂux
and in the other models alternative laws can be used, such as for limb-brightening.
I used the limb-darkening law for two reasons: ﬁrstly to allow the most direct com-
parison with previous work, and secondly to ensure each model used the same law.
However, it should be noted that the angular emissivity law can impact the derived
proﬁle of the line (Beckwith and Done, 2004), and in the case of limb-darkening
lead to a possible enhancement of the red wing, and hence an increase in the in-
ferred spin/radial emissivity (Svoboda et al., 2009).
2.3.1.3 Self-consistent reﬂection spectrum ﬁtting
Instead of modelling just the Fe Kα line, one can also use a self-consistently cal-
culated reﬂection model to describe the full reprocessed spectrum (see §1.4.1 for
a detailed discussion of these models). To do this I applied REFLIONX (Ross and
Fabian, 2005), which describes reﬂection from a constant density ionised disc illu-
minated by a power-law spectrum. This allows a large range of ionisation states and
transitions, as well as the Compton hump, to be modelled self-consistently.
REFLIONX, however, only models the reﬂected emission, hence it is necessary to
apply a convolution component to allow for the relativisticeffects observed at inﬁn-
ity. In this investigation I focus upon three such models: KDBLUR (for a LAOR pro-
ﬁle), KERRCONV (Brenneman and Reynolds, 2006) and RELCONV (for a RELLINE
proﬁle). The former represents the most widely used model, but like LAOR only re-
solves the inner radius assuming a maximal Kerr black hole. KERRCONV includes
the spin of the black hole as a free parameter and is the most widely used model
to measure the spin of black holes. RELCONV represents a recent improvement of
the KERRCONV model, and is the only model to include the option of retrograde
spin. I use this method as a means to investigate whether self-consistent reﬂection
ﬁtting can offer more conﬁdent spin estimates than the line ﬁtting routine. To main-
tain this comparison I used the same constraints as in the line ﬁtting method where
applicable.
Since REFLIONX only models the reﬂection spectrum I still used the underlying
4µe is the angle of emission of a photon emitted from the accretion disc40 Chapter 2. Testing black hole spin measurements
continuum of PHABS(DISKBB+POWERLAW), and coupled the photon index param-
eter from the POWERLAW component to the input illuminating spectrum used by
REFLIONX. The additional ionisation parameter ξ (see Eq. 1.8) is ﬁtted freely in
all cases. The Fe abundance is ﬁxed to be solar for all spectral ﬁts. I took this
approach since studies of chemical abundances in LMXBs have found metallicity
values consistent with solar (see e.g. Gonz´ alez Hern´ andez et al. 2011).
2.3.1.4 Markov Chain Monte Carlo analysis
As I will display later in this section, X-ray reﬂection ﬁtting is highly suscep-
tible to degeneracies, which is further complicated by the high number of free
parameters in ﬁtting. To further assess this possibility a Markov Chain Monte
Carlo (MCMC) statistical analysis was performed on the best ﬁt results employ-
ing RELCONV∗REFLIONX. This technique is also later applied in Chapters3 and
5.
For this I used the Metropolis–Hastings algorithm included in XSPEC. For each
dataset two 55,000 element chains were run, of which the ﬁrst 5000 elements were
discarded (‘burnt’). Each chain began at a random perturbation away from the best
ﬁt parameters (Tables2.1–2.3). The proposal distribution was taken from the diag-
onal of the covariance matrix calculated from the best ﬁt, which was assumed to
be a Gaussian distribution, and a rescaling factor of 10−3 was applied. Using the
resultant 100,000 element chain I then investigated the probability distributions of
individual and correlated parameters, which is analysed in the following section.
2.3.2 Results from spectral ﬁtting
2.3.2.1 XTE J1652−453
The pn-PCA-HEXTE bandpass over 1.3–4 and 7–120keV is well ﬁtted by the con-
tinuum model (χ2/ν =1452/1077). The major residuals are a slight excess around
20keV, which is likely to be a ‘Compton hump’, and a sharp dip between 8–11keV
in both the XMM-Newton and PCA spectra, which is likely to be an absorption edge.
The addition of an edge (EDGE in XSPEC), with the threshold energy constrained
to 7–10 keV, considerably improves the ﬁt (χ2/ν = 1247/1075). Although such a
component is a characteristic element of the reﬂection spectrum, this was still re-
quired at the same energy when the self-consistent reﬂection mode REFLIONX was
applied.2
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Figure 2.2: XTE J1652−453: Line energy versus inclination contour plots using the LAOR (top) and RELLINE (bottom) line models, indicating
a clear degeneracy between the two parameters. The left plots indicate the conﬁdence regions for the best-ﬁt when the line rest energy has
been ﬁtted between 6.4–6.97keV, and the right plots display the same but for the best-ﬁt for when the line energy was ﬁxed at 6.7keV (but
then ‘thawed’ to create this plot). Fits are at the 68% (black), 90% (red) and 99% (green) conﬁdence levels respectively, and the blue cross
shows the point of best-ﬁt (Table 2.1).42 Chapter 2. Testing black hole spin measurements
This was interpreted by Hiemstra et al. (2011) as a possibledeﬁciency in the model,
whereas Chiang et al. (2012)later suggested that it may signify a rapidly outﬂowing
accretion disc wind.
With the continuum model deemed to be acceptable I then restored the 4–7keV
region, which exposed a signiﬁcant residual due to the Fe Kα emission(Figure2.1).
I ﬁrst performed ﬁts using the three chosen line models, the results of which are col-
lated in Table 2.1. Initially I ﬁt all of the line parameters freely except for the line
energy, which was constrained to between 6.4–6.97keV (see section 2.3.1.2), cov-
ering the full range of neutral to H-like Fe Kα emission. I note that this is the
standard procedure used in the literature (see e.g. Reis et al. 2010). I found that all
three models reproduce the proﬁle very well, with KYRLINE and RELLINE showing
excellent consistency with each other. Whilst LAOR found slightly different re-
sults (e.g. 19.6◦ (LAOR) vs 22.7◦ (KYRLINE/RELLINE)), they were not signiﬁcantly
different and mostly consistent within errors, which would suggest only slight dif-
ferences in the models. This may be due to LAOR having a ﬁxed spin value of 0.998.
However, for all three models the line energy parameter Erest pegs at the upper limit
of 6.97 keV. There are two conclusions to be drawn from this: (1) The emission is
coming from exclusivelyH-like Fe or (2) there is a degeneracy or error in the model
forcing it to this value. The former is quite unlikely since disc illumination studies
often show a mixture of states, which arise as deeper surface layers are expected
to be less ionised because less irradiation reaches them (see e.g. Garc´ ıa and Kall-
man 2010; Garc´ ıa et al. 2011). The results are consistent within errors with those
presented in Hiemstra et al. (2011).
To test hypothesis(2) Iran thesameﬁt again for all threemodels, but allowedthe
line energy to be ﬁt without constraint. As can be seen in Table 2.1, the line energy
prefers a ﬁt to a much higher value of 7.12 keV (LAOR), 7.21 keV (KYRLINE) and
7.20 keV (RELLINE) respectively. Additionally, I observed a signiﬁcant lowering
of the predicted inclination, and a moderate increase (decrease) in the inner radius
(spin). The remaining parameters were fairly consistent.
Explaining this degeneracy is quite simple (see Figure 2.2). The inclination is
calculated from the blue wing of the emission line, i.e. a more blue-shifted proﬁle
indicates a higher inclination. The line energy can be thought of in a similar manner
too, a higher value essentially being a blue-shift of the rest energy of the emission.
Therefore, a similar proﬁle can be obtained by ﬁtting a higher line energy and lower
inclination, or vice versa, thus shifting the line energy to unphysical values. How-
ever, the effect of the trend is not completely uniform upon the proﬁle, hence the
variation in other parameters, speciﬁcally the spin/inner radius.2.3 Analysis and results 43
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Figure 2.3: XTE J1652−453: Black hole spin versus inclination contour plot
using the line mode RELLINE after ﬁtting the line energy between 6.4–6.97keV,
indicating a clear degeneracy between the two parameters. Fits are at the 68%
(black), 90% (red) and 99% (green) conﬁdence levels respectively, and the blue
cross shows the point of best-ﬁt (Table 2.1). The blue dashed box indicates the
90% conﬁdence region determined by the ERROR command (Table 2.1), which
clearly does not represent the true parameter space.
Since the line energy is signiﬁcantly affected by the degeneracy, it brings into
question whether the dominant emission stage is even H-like Fe. He-like Fe Kα
emission occurs at 6.7 keV, and is the direct ionisation state before that of H-like
emission at 6.97 keV. I thus continued the analysis by ﬁxing the line energy param-
eter to be at 6.7 keV, which produced the same trend again. The inclination value
increased to nearly 35◦, following the same relation between itself and the line en-
ergy outlined before. Additionally the inner radius (spin) followed the same trend,
now reaching lower (higher) values. Through the change of just one ionisation state
the spin varied by nearly 10% of its theoretical range (−0.988 to 0.988), hence re-
vealing that when a degeneracy occurs between other parameters the effect on the
spin can still be quite profound. This is a systematicerror which is never reported in
conﬁdence limits. Figure2.3 reveals the relationship between inclination and spin,
and displays how the true error on the spin parameter is considerably larger. There
is also an increase in the emissivity parameter; however, this is not very signiﬁcant,44 Chapter 2. Testing black hole spin measurements
Figure 2.4: XTE J1652−453: The χ2 conﬁdence contours of the
RELCONV∗REFLIONX spin parameter, which was ﬁtted between 0–0.998 (the solid
line indicates the best-ﬁt: Table 2.1) and then allowed to explore the full parameter
space (−0.998 to 0.998). The solid line dashed, dash-dot and dotted lines display
the 90%, 99% and 99.9% conﬁdence levels, clearly indicating that a retrograde
spin is much preferred. If the spin is constrained to be prograde, then there is a
clear minimum at a ∼ 0.8.
and is again likely due to the slight change in the overall proﬁle caused by the other
parameters.
The EDGE component is ﬁt at 8.74±0.06keV (τmax = 0.14±0.02) when using
all three line models, which lies between the respective edges of Li-like (∼ 8.69
keV) and He-like (∼ 8.83 keV) emission. Assuming this is the corresponding edge
oftheemissionline, thissuggeststhat theresults extracted for alineﬁxed at 6.7 keV
are more likely to be correct than those ﬁtted freely in the Fe Kα ionisation range,
which peg at 6.97keV. I ﬁnally applied the self-consistent reﬂection model RE-
FLIONX, which can more accurately gauge the ionisation stage of the emission. The
edge is still required (see also Hiemstra et al. 2011; Chiang et al. 2012), although
the depth is half of that recorded when ﬁtting the line models. All three relativistic
blurring models converge on an inclination and spin of i ∼ 32◦ and a ∼ 0.8 respec-
tively, which is again consistent with the line results for a rest energy of 6.7keV.
As one ﬁnal test I extended the spin parameter range of RELCONV to −0.998 to
0.998, since the model allows for retrograde spin. For the ﬁt when the spin was well2.3 Analysis and results 45
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Figure 2.5: XTE J1652−453: A plot of the conﬁdence regions between
the spin parameter and emissivity index, calculated for the best-ﬁt using
RELCONV∗REFLIONX when the spin parameter was constrained to be prograde
(0–0.998). Evidently, an equally good ﬁt exists for a high index–low spin. Fits
are at the 68% (black), 90% (red) and 95% (green) conﬁdence levels respectively,
and the blue cross shows the point of best-ﬁt found when assuming prograde spin
(Table 2.1).
constrainedbetween0–0.998,Figure2.4showsthevariationin χ2 forbothprograde
and retrograde spin, and reveals that in fact retrograde spin is much preferred by the
data. This was conﬁrmed by the subsequent extended ﬁt (Table2.1). Most of the
parameters remained fairly constant within errors, and in particular the inclination
was unaffected; however, the emissivity parameter rose considerably (although the
errors were much larger too; Table2.1). Figure2.5 shows the conﬁdence region
between the spin and emissivity parameters, which hints at a degeneracy; however,
as Fig. 2.4 also shows, the degeneracy is not forcing the ﬁt, since it is poorest
intermediate to the two ﬁts (a = 0−0.5). This suggests that the effect a rapidly
spinning black hole has on the space-time, and hence the emission proﬁle, is crucial
to the ﬁt. It should be noted, however, that for a retrograde spin the emissivityindex
is not expected to be >4 (Dauser et al., 2013). Since the spin parameter hits the
hard limit of −0.998 I also tested whether the disc may be truncated beyond 9rg
(the ISCO for a black hole spin of −0.998); however, the inner radius parameter46 Chapter 2. Testing black hole spin measurements
converged around 9rg so no certain conclusion can be drawn on this.
The probability distributions derived from the MCMC analysis (§2.3.1.4) con-
ﬁrmthatthespin,inclinationandemissivityparametersarewelldetermined(Fig.2.6).
The emissivity index varies between 5–10, and smaller values are generally asso-
ciated with higher spin, although this does not appear to be a strict correlation.
Nevertheless, this is not unusual, since, as described before, a larger emissivity in-
dex yields a larger contribution to the proﬁle from the inner disc, thus affecting the
red wing much like increasing the spin does. There is also a hint at a correlation
between the inclination and spin parameters (Fig.2.7). The MCMC probability dis-
tribution more accurately accounts for such degeneracies, and thus (assuming the
inner disc is at the ISCO) yields an upper limit on the spin of <−0.65, which is
larger than that determined by the XSPEC ERROR command. How a retrograde
system is formed is quite uncertain (see the discussion in §1.5); however, this result
would add to a number of recent works have reporting negative spins from LMXBs
(Gou et al., 2010; Reis et al., 2013b; Middleton et al., 2014; Morningstar et al.,
2014).
2.3.2.2 XTE J1752−223
The continuum model provided a good description of the J1752 spectrum (χ2/ν =
1170/1043 ﬁtted between 1.3–4 and 7–20keV). The main residual appeared to
again be an absorption feature present at 8–10keV, and as for J1652 this was ac-
counted for with an edge component, which improved the ﬁt further to χ2/ν =
1096/1041. There was no obvious indication of a ‘Compton hump’, but this may
not be apparent due to the upper energy limit of 20keV without available HEXTE
data. When the ignored 4–7keV region was substituted back into the data a very
prominent broadened Fe Kα emission line was evident (see Figure2.1).
Again I began the analysis by ﬁtting the three line models with the rest energy
constrained between 6.4–6.97keV, all of which resulted in an excellent ﬁt to theline
proﬁle(e.g. χ2/ν =1632/1637with LAOR). Furthermore, allthreereportedsimilar
results: an inclination and spin parameter of ∼36◦ and ∼ 0.55 respectively (refer to
Table 2.2 throughout this section), which are consistent with those reported in Reis
et al. (2011). However, once again, the rest energy pegged at the upper constraint of
6.97keV, suggesting another degeneracy could be driving the results. Indeed, when
rest energy constraints were removed, the parameter shifted to much higher values2
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Figure 2.6: XTE J1652−453: Probability distributions of the spin, inclination and emissivity index parameters for the MCMC derived
100,000 element chain, based on the best-ﬁt of RELCONV∗REFLIONX. Each bin corresponds to a width of a = 0.025, i = 0.25◦ and q = 0.25
respectively.4
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Figure 2.7: XTE J1652−453: Two-dimensional probability distributions of the same three parameters. For each panel I plot contour levels at
the 68% (blue), 90% (red) and 99% (black) conﬁdence levels. Each plot contains the full distribution for the whole parameter range with the
axis reduced for clarity.2.3 Analysis and results 49
(∼ 7.56keV LAOR/RELLINE; 8.45keV KYRLINE) which yielded a marginally bet-
ter ﬁt (∆χ2 ∼ −5). Many parameters varied in addition to the rest energy: the
inclination lowered; the spin (inner radius) decreased (increased); and the emissiv-
ity slightly increased. The contrasting results recorded by KYRLINE occur because
the spin parameter pegged at the zero lower limit, whereas RELLINE and LAOR are
able to go below zero and beyond 6rg (the ISCO for a Schwarzschild black hole)
respectively. Fits where the rest energy was ﬁxed at 6.7keV conﬁrmed the same
trends (i.e. this time to higher inclination and spin etc).
Figure 2.8 displays the conﬁdence region of the inclinationparameter against the
rest energy (top) and spin (bottom). It is quite evident that the same degeneracy ob-
served for J1652 between the inclination and rest energy is present. Particularly at
90% and 95% conﬁdence it is clear that increasing rest energy gives equivalent re-
sults to lower inclination values. Applying the upper constraint of 6.97keV actually
forces what is quite a large parameter space into a much smaller region, yielding a
misleadingly good constraint on both parameters. Two regions are exposed which
correspond to the parameter space for the ‘constrained’ and ‘free’ ﬁts respectively,
and this is also apparent when inclination is plotted against the spin, which itself
varies signiﬁcantly.
Ata90%conﬁdencethelineenergycouldverywellbeclosertoneutral(6.4keV)
for a high inclination. Importantly, there exists an upper limit of the inclination an-
gle of the relativistic jets observed (Miller-Jones et al., 2011), which should corre-
spond to the inclination angle of the inner disc (but see Maccarone 2003). Without
this constraint a very large range of spin parameter is possible above 50◦ (Figure
2.8) and would thus essentially render a spin estimate at a reasonable conﬁdence
(e.g. 90%) impossible through this method.
Fitting the self-consistent reﬂection spectrum of REFLIONX I found that con-
trasting results exist between the convolution models. KDBLUR ﬁnds a very large
upper limit on the emissivity; however, given the slightly truncated disc predicted
(15.4+9.6
−1.06) the emissivity parameter is ultimately more difﬁcult to constrain. In
contrast, KERRCONV and RELCONV converged on moderate spins (∼ 0.37), but the
emissivity parameter pegged at the hard limit of 10. Figure2.9 exposes two distinct
conﬁdence regions in the inclination-emissivity plane: the emissivity index can be
around 3 for i ∼ 30◦ or 6–10 for i ∼ 42◦. Without any strong constraint on the
disc inclination (e.g. via the binary inclination) both regimes are possible; however,
given that the emissivity index has pegged at the extremely high value of 10, it is
likely that a degeneracy is forcing the ﬁt. I reproduced the ﬁt ﬁxing the emissivity
parameterat 3 whichconﬁrmed asimilarﬁt existed(∆χ2 =+3.36 for1extradegree50 Chapter 2. Testing black hole spin measurements
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Figure 2.8: XTE J1752−223: Plots of the conﬁdence region for the inclination
parameter against the rest energy (top) and spin (bottom). These were calculated
for the best-ﬁt using RELLINE when the rest energy was constrained to between
6.4–6.97keV. Contours are at the 68% (black), 90% (red) and 95% (green) conﬁ-
dence levels respectively, and the blue cross shows the point of best-ﬁt (Table 2.2).
Distinct degeneracies are observed between the parameters which clearly impact
the conﬁdence in measuring spin.2.3 Analysis and results 51
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Figure 2.9: XTE J1752−223: A plot of the conﬁdence region of the inclination
parameter against the emissivity index. This was calculated for the best-ﬁt using
RELCONV∗REFLIONX, which indicates that two distinct areas of conﬁdence exist,
and the two parameters may be degenerate (a similar trend was found in Reis
et al. 2011). Contours are plotted at the 68% (black), 90% (red) and 95% (green)
conﬁdence levels respectively, and the blue cross shows the point of best-ﬁt (Table
2.2).
of freedom). Interestingly, this also reduced the spin parameter to the hard limit of
−0.998. By allowing the inner radius to be a free parameter5 an improved ﬁt was
found for rin ∼15rg, in agreement with the results of KDBLUR, and thus suggests
that in fact the accretion disc of J1752 during this observation was truncated, and
therefore a spin estimate is not possible. This emphasises the danger of implicitly
assuming the accretion disc is at the ISCO.
I explored the truncated disc ﬁt further using MCMC analysis (see §2.3.1.4 for
further details). In Figure2.10 I display the probability distribution of the inner
radius, inclination and emissivity parameters, which also converges on a truncated
inner disc of radius ∼ 16rg. Furthermore, 6rg (the ISCO for a Schwarzschild black
hole) and 9rg (the ISCO of a maximal retrograde black hole) are ruled out at the
5For this ﬁt the spin parameter was ﬁxed at 0.998, since it could be degenerate with the inner ra-
dius and allows the largest rangeof r values to be spanned. This also then allows a direct comparison
to the results with KDBLUR, which has a ﬁxed spin value of 0.998.5
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Figure 2.10: XTE J1752−223: Probability distributions of the inner radius, inclination and emissivity index parameters for the MCMC
derived 100,000 element chain, based on the best-ﬁt of RELCONV∗REFLIONX. Each bin corresponds to a width of rin = 1rg, i = 1◦ and
q = 0.25 respectively.2
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Figure 2.11: XTE J1752−223: Two-dimensional probability distributions of the same three parameters. For each panel I plot contour levels
at the 68% (blue), 90% (red) and 99% (black) conﬁdence levels. Each plot contains the full distribution for the whole parameter range with
the axis reduced for clarity.54 Chapter 2. Testing black hole spin measurements
95% and 90% level respectively. An emissivity index of 3 is preferred, as expected
for a truncated disc; however, the conﬁdence regions between the emissivity and
inner radius parameter suggest that a degeneracy may be present in Fig.2.11, thus
no deﬁnitivemeasurement of the radius can be drawn. Note that this is the same de-
generacy uncovered during the MCMC analysis of J1652, since the spin parameter
is in essence a measurement of the inner radius.
2.3.2.3 XTE J1650−500
The continuum model ﬁts well to the XMM EPIC-pn spectrum of J1650 in the 0.7–
4 7–10 keV band (χ2/ν = 1424/1120). There is a slight soft residual remaining
below 1keV; however, the main disparity is above 7keV and adding the 4–7keV
region back reveals that this is largely due to the blue wing of the Fe emission
(Figure2.1). This is indicative of a high inclination source, since the projected
velocity of the rotating material increases as the disc becomes more edge on. The
results referred to in this section are presented in Table 2.3.
As in the previous sections, I began the analysis by ﬁtting the relativistic line
models. In a previous investigation of this dataset, Reis et al. (2010) constrained
the inclination parameter to be in the range 47–70◦, hence I also initially applied
this limit to allow a direct comparison to this work. Later I relax this constraint,
but see §2.2.3.3 for the physical motivation of including these limits. I found an
excellent agreement between KYRLINE and RELLINE, whilst LAOR is consistent
within errors. All three models ﬁnd an inclination of 70◦, hence pegging at the hard
limit imposed, as do the line energy (6.97keV) and spin (0.998) parameters. The
emissivity index is also extremely high (∼ 9.5), and in all represents an extremely
broad proﬁle. Unsurprisingly when the inclination parameter is allowed to extend
up to 89◦ it pegs at this value. In turn the line energy now pegs at its lower limit
of 6.4keV, whilst the spin and emissivity reduce to 0.66 and 2.3 respectively. The
model LAOR records slightly different results, but follows the same trends. The
signiﬁcant variation in all the parameters makes disentangling the underlying de-
generacies very difﬁcult. The ﬁt may be compromised further by the lack of RXTE
data above 10keV, especially since the blue wing of the proﬁles extends up to 9keV
(Figure2.1).
The self-consistent reﬂection treatments agreed well, and were able to freely
converge upon an inclination of ∼ 72◦. The emissivity index is very high (∼ 7) and
the spin parameter pegs at the upper limit of 0.998, thus the Fe proﬁle is extremely
broadened by relativistic effects. To this end, since the spin and emissivity are2
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Figure 2.12: XTE J1650−500: Probability distributions of the spin, inclination and emissivity index parameters for the MCMC derived
100,000 element chain, based on the best-ﬁt of RELCONV∗REFLIONX. Each bin corresponds to a width of a = 2.5E−04, i= 0.5◦ and q = 0.25
respectively.5
6
C
h
a
p
t
e
r
2
.
T
e
s
t
i
n
g
b
l
a
c
k
h
o
l
e
s
p
i
n
m
e
a
s
u
r
e
m
e
n
t
s
Figure 2.13: XTE J1650−500: Two-dimensional probability distributions of the same three parameters. For each panel I plot contour levels
at the 68% (blue), 90% (red) and 99% (black) conﬁdence levels. Each plot contains the full distribution for the whole parameter range with
the axis reduced for clarity.2.4 Discussion and conclusions 57
at the edge of their respective parameter spaces, it may be that the inclination is
constrained by this rather than being truly ﬁt. It should be noted that the inclination
upper limit of J1650 is not well determined. Because of the lack of X-ray dips
and eclipses, in conjunction with the relatively small mass function (Orosz et al.,
2004), the inclination is almost certainly below 70◦. Furthermore, no absorption
features indicative of an accretion disc wind have been reported, which only occur
in high inclination (>70◦) sources. It is compelling as well though that the spectral
and temporal properties of J1650 suggest that it is, in fact, a low inclination source
(<60◦; Mu˜ noz-Darias et al. 2013; Motta et al. 2014).
I performed another ﬁt using RELCONV∗REFLIONX with a ﬁxed inclination of
60◦ to test how this may affect the spin estimate, and also potentially uncover any
parameter degeneracies. The emissivity index decreased to a more moderate value
(4.7) and the spin lessened slightly to 0.95, which hints at a degeneracy between the
parameters. However, the ﬁt with i = 60◦ was considerably worse (∆χ2 = +37 for
one extra degree of freedom). I performed a MCMC analysis on the best ﬁt, which
conﬁrmed that all the parameters were well and correctly determined (Figures2.12
and 2.13) by the standard methods in XSPEC. In addition, a degeneracy is also ap-
parent between the inclination and emissivity parameters; however, the parameter
space this affects is quite small, and does not appear to affect the spin value deter-
mined. All evidence points towards a near-maximal Kerr black hole, as previously
found by Reis et al. (2010) and Walton et al. (2012).
2.4 Discussion and conclusions
In this chapter I have investigated the accuracy of spin determination through mod-
elling the relativistic effects imprinted in X-ray reﬂection. In doing so I invoked a
number of strict criteria to ensure the best case scenario was analysed. I used only
XMM-Newton observations, which offers the greatest effective area at 6keV of any
CCD instrument. Only data where pile-up was certainly not present were used. I
also employed only hard-intermediate state observations, which offer a clear and
simple power-law continuum beneath the broad Fe line at 6keV. I note as well that
each of the three spectra used in this study display clear relativistic broadened Fe
proﬁles (Figure2.1), which were previously used for measuring the spin of their
respective black hole (Reis et al., 2010; Hiemstra et al., 2011; Reis et al., 2011;
Walton et al., 2012). In all, the three observations employed offer the best case
scenario for measuring black hole spin through X-ray reﬂection at present.58 Chapter 2. Testing black hole spin measurements
I analysed the use of both relativisticline models (e.g. LAOR) and self-consistent
reﬂection treatments (e.g. RELCONV∗REFLIONX) to measure spin, employing the
current range of models applied in the literature. Here I summarise the main ﬁnd-
ings, and how this could affect current and future spin estimates through X-ray
reﬂection.
The line rest energy and inclination parameters are extremely degenerate
The rest energy and inclination parameters are very difﬁcult to concurrently
determine, since increasing their respective values acts to shift the proﬁle
blue-wards. The rest-energy does this by deﬁnition, whilst at higher incli-
nations the projected velocity of disc particles is higher6. Clear degenera-
cies between the rest energy and inclination parameters are displayed in Fig-
ures2.2 and 2.8. I note that using self-consistent reﬂection treatments, such
as REFLIONX, removes this issue since the rest energy is hard-wired into the
model.
Inclination affects the measurement of spin
The increased projected velocity of the material with inclination serves to
broaden the proﬁle, of which the strength of the two peaks is affected by aber-
ration, and the inﬂuence of both of these effects is dependent upon how far
the disc extends to the black hole, which is of course determined by the spin.
At small gravitational radii (i.e. at the ISCO) the relationship between spin
and inclination is quite complex. For example, there is a trade-off between
emission from smaller radii, which has an increased radial velocity and thus
stronger beaming, and the increased gravitational redshift closer to the black
hole. Nevertheless, it is easy to see how inclination can mimic some of the
effects that spin has upon the proﬁle. For J1652 and J1752 it is very evident
that for smaller inclination ﬁts the spin decreases, and vice versa (Table2.1
and 2.2). Conversely, for J1650 the opposite actions occur, but still result in
a large variation in spin. Exploring the conﬁdence regions between spin and
inclination indicates how degenerate the two can be (Figure2.2 and 2.8), and
thus in the absence of any reasonable constraint on the disc inclination value
a large range of spin is possible. To truly test this a comparison of inclination
ﬁtted via reﬂection against other well established means is required, such as
through the binary system or relativistic jets.
6Further spectral evidence for this comes from higher peak disc temperatures observed from
accretion discs at higher inclination (Mu˜ noz-Darias et al., 2013)2.4 Discussion and conclusions 59
The emissivity proﬁle affects the measurement of spin
The emissivity proﬁle and spin ultimately go hand-in-hand. A larger emissiv-
ity index q yields a stronger contribution from the inner regions of the disc to
the line proﬁle, where the emission is more strongly transformed by relativis-
tic effects. Thus, increasing q broadens the proﬁle in a similar manner to how
increasing the spin does. MCMC analysis of the best-ﬁt models for all three
sources reveals slight trends between the two parameters (Figures2.7, 2.11
and 2.13; see also Figure2.5). Future models self-consistently treating the
nature and spectrum of the illuminating source (i.e. height, size, shape) along
with the associated reﬂection will go some way to breaking this degeneracy.
Line models should not be used to measure black hole spin
As displayed throughout the analysis, and discussed previously, using line
models is highly susceptible to degeneracy. Imposing hard limits on param-
eters, such as 6.4–6.97keV for the rest energy, only forces the spin into a
conﬁned parameter space, and does not yield any useful constraint.
The disc of XTE J1752−453 is truncated in this observation
An improvedﬁt was found when allowing the inner radius to be a free param-
eter, which converged on a value of 15rg. Further MCMC analysis conﬁrms
that the disc is larger than 9rg and 6rg at the 90% and 95% conﬁdence levels
respectively. Since the disc is not at the ISCO a spin measurement can not be
obtained for this observation.
The spin of XTE J1650−500 is near-extreme
I conﬁrmed the results of Reis et al. (2010) and Walton et al. (2012) that
the spin of the black hole in XTE J1650−500 is near extreme. The best-ﬁt
converged on a slightly higher than expected inclination; however, for a more
reasonable value of 60◦, the spin was only mildly affected (still >0.94).
None of the models appear to be exclusively ﬂawed
The LAOR model is over two decades old and is hence limited, particularly
in resolution (see Beckwith and Done 2004; Dovˇ ciak et al. 2004 and Dauser
et al. 2010). Despite this, where comparable, the results determined by LAOR
and KDBLUR are not signiﬁcantly different to those obtained by the latest
models. The rather subtledisparities observed are likely to be due to the hard-
wired spin of 0.998, and the relatively small table does not appear to make it
more susceptible to degeneracy with the data currently available. Neverthe-
less, it goes without saying that RELLINE is the package of choice to measure60 Chapter 2. Testing black hole spin measurements
black hole spin, since it is the only one covering the full range (−0.998 to
0.998).
Narrow Fe lines are also highly susceptible to degeneracy
Finally, I note that degeneracies also affect the narrow Fe proﬁles of highly
truncated accretion discs, such as those observed in the hard state (Chap-
ter3). Figure3.12 displays how the inferred inner radius is strongly depen-
dent upon the assumed inclination, which acts to broaden the proﬁle as the
relative doppler shift increases as the disc becomes more edge on. At large
radii the relation between the inclination and inner radius is much simpler
since the effects of aberration and gravitational redshift are greatly reduced.2
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Table 2.1: Various line model ﬁts for XTE J1652−453. For all of the analysis I used the continuum model PHABS(DISKBB+POWERLAW).
All errors presented are at the 90% conﬁdence level. Where limits are displayed as a bracketed number this indicates that the respective hard
limit has been reached within that conﬁdence range. When no limit is presented this denotes that the local minimum is pegged at the respective
hard limit. Finally if there is no upper or lower limit given this indicates that the parameter is ﬁxed at this value.
6.4–6.97keV Line Free Line Line Fixed At 6.7keV Self-Consistent Reﬂection
Component Parameter LAOR KYRLINE RELLINE LAOR KYRLINE RELLINE LAOR KYRLINE RELLINE KDBLUR KERRCONV RELCONV RELCONV
PHABS NH (1022 cm−2) 4.60+0.02
−0.02 4.60+0.01
−0.02 4.60+0.01
−0.01 4.58+0.02
−0.02 4.58+0.02
−0.02 4.58+0.01
−0.01 4.60+0.02
−0.02 4.60+0.02
−0.02 4.60+0.02
−0.02 4.60+0.02
−0.02 4.60+0.01
−0.01 4.60+0.02
−0.02 4.57 +0.02
−0.02
DISKBB Tin (keV) 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.57+0.01
−0.01 0.58 +0.00
−0.00
NBB 1253+44
−52 1249+36
−35 1249+37
−35 1204+47
−53 1192+45
−25 1200+39
−36 1273+50
−49 1265+53
−49 1276+53
−49 1259+57
−47 1266+6
−15 1266+46
−57 1228 +58
−53
POWERLAW Γ 2.31+0.04
−0.04 2.32+0.03
−0.03 2.32+0.03
−0.02 2.31+0.04
−0.04 2.32+0.04
−0.04 2.31+0.03
−0.03 2.32+0.03
−0.04 2.30+0.04
−0.04 2.31+0.04
−0.04 2.32+0.05
−0.04 2.30+0.01
−0.02 2.31+0.05
−0.05 2.25 +0.05
−0.05
NPL 0.22+0.02
−0.02 0.22+0.01
−0.01 0.22+0.01
−0.01 0.22+0.02
−0.02 0.22+0.02
−0.01 0.22+0.02
−0.01 0.22+0.02
−0.02 0.21+0.02
−0.02 0.21+0.02
−0.02 0.17+0.02
−0.02 0.16+0.01
−0.01 0.17+0.02
−0.02 0.13 +0.02
−0.02
RELATIVISTIC a — 0.71+0.04
−0.08 0.71+0.08
−0.07 — 0.51+0.03
−0.07 0.50+0.02
−0.04 — 0.83+0.03
−0.04 0.81+0.04
−0.04 — 0.79+0.01
−0.01 0.78+0.07
−0.09 −0.998 +0.23
LINE/ Erest (keV) 6.97−0.10 6.97−0.06 6.97−0.05 7.12+0.06
−0.05 7.26+0.06
−0.05 7.22+0.03
−0.05 6.7 6.7 6.7 — — — —
BLURRING α 3.41 +0.13
−0.06 3.60 +0.11
−0.05 3.59 +0.11
−0.08 3.43 +0.08
−0.07 3.55 +0.10
−0.21 3.53 +0.05
−0.07 3.55 +0.23
−0.09 3.92 +0.19
−0.18 3.81 +0.19
−0.17 2.97 +0.13
−0.09 3.05 +0.06
−0.06 3.04 +0.15
−0.13 6.87 +2.95
−1.56
rin (rg) 3.04 +0.48
−0.27 — — 3.65 +0.33
−0.07 — — 2.58 +0.16
−0.13 — — 2.78 +0.27
−0.30 — — —
i (deg) 19.6 +5.8
−2.1 22.7 +3.2
−2.1 22.7 +2.9
−4.7 5.1 +2.7
−5.1 2.9 +8.0
−2.8 1.0 +2.3
−1.0 32.3 +2.8
−1.0 35.3 +1.6
−1.7 34.8 +1.7
−1.7 31.0 +2.6
−1.6 32.7 +0.1
−0.3 31.8 +1.9
−1.9 30.7 +1.0
−1.1
NL (10−2) 0.15 +0.02
−0.02 0.15 +0.01
−0.02 0.15 +0.01
−0.01 0.14 +0.01
−0.01 0.14 +0.01
−0.01 0.14 +0.01
−0.01 0.16 +0.02
−0.01 0.17 +0.02
−0.02 0.17 +0.02
−0.02 — — — —
REFLIONX ξ — — — — — — — — — 1478 +941
−343 1861 +31
−68 1662 +673
−653 2663 +466
−324
NR (10−6) — — — — — — — — — 1.29 +0.94
−0.56 0.97 +0.09
−0.03 1.11 +1.08
−0.34 0.53 +0.08
−0.07
χ2 1770.86 1775.24 1775.58 1759.19 1759.96 1764.57 1778.64 1784.67 1790.79 1760.52 1756.98 1760.8 1746.97
ν 1671 1671 1672 16716
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Table 2.2: Various line model ﬁts for XTE J1752−223. For all of the analysis I used the continuum model PHABS(DISKBB+POWERLAW).
All errors presented are at the 90% conﬁdence level. Where limits are displayed as a bracketed number this indicates that the respective hard
limit has been reached within that conﬁdence range. When no limit is presented this denotes that the local minimum is pegged at the respective
hard limit. Finally if there is no upper or lower limit given this indicates that the parameter is ﬁxed at this value.
6.4–6.97keV Line Free Line Line Fixed At 6.7keV Self-Consistent Reﬂection
Component Parameter LAOR KYRLINE RELLINE LAOR KYRLINE RELLINE LAOR KYRLINE RELLINE KDBLUR KERRCONV RELCONV RELCONV RELCONV
PHABS NH (1022 cm−2) 0.13 +0.01
−0.01 0.12 +0.02
−0.01 0.12 +0.01
−0.02 0.15 +0.01
−0.02 0.15 +0.02
−0.02 0.15 +0.02
−0.02 0.13 +0.01
−0.01 0.13 +0.02
−0.02 0.13 +0.02
−0.02 0.19 +0.02
−0.02 0.16 +0.01
−0.01 0.16 +0.02
−0.02 0.18 +0.02
−0.02 0.19 +0.02
−0.02
DISKBB Tin (keV) 0.45 +0.01
−0.01 0.46 +0.01
−0.01 0.45 +0.01
−0.01 0.43 +0.01
−0.01 0.43 +0.01
−0.01 0.43 +0.01
−0.01 0.44 +0.01
−0.01 0.45 +0.01
−0.01 0.45 +0.01
−0.01 0.41 +0.01
−0.01 0.44 +0.01
−0.01 0.44 +0.01
−0.01 0.42 +0.01
−0.01 0.41 +0.01
−0.01
NBB 541 +52
−33 528 +72
−60 530 +65
−58 688 +97
−101 704 +112
−93 692 +111
−96 588 +66
−46 561 +99
−72 559 +94
−76 911 +151
−139 620 +53
−82 627 +92
−109 830 +149
−122 919 +172
−145
POWERLAW Γ 1.74 +0.00
−0.01 1.74 +0.01
−0.01 1.74 +0.01
−0.01 1.76 +0.01
−0.01 1.76 +0.01
−0.01 1.76 +0.02
−0.01 1.75 +0.01
−0.01 1.74 +0.02
−0.01 1.74 +0.01
−0.01 1.77 +0.02
−0.02 1.74 +0.00
−0.01 1.74 +0.02
−0.03 1.77 +0.01
−0.01 1.78 +0.01
−0.02
NPL 0.22 +0.00
−0.00 0.22 +0.00
−0.00 0.22 +0.00
−0.00 0.23 +0.01
−0.00 0.24 +0.01
−0.00 0.23 +0.01
−0.00 0.23 +0.00
−0.00 0.22 +0.01
−0.00 0.22 +0.01
−0.01 0.24 +0.01
−0.02 0.21 +0.01
−0.01 0.21 +0.01
−0.02 0.23 +0.01
−0.01 0.24 +0.01
−0.02
RELATIVISTIC a — 0.56 +0.12
−0.10 0.55 +0.15
−0.09 — 0.15 +0.27
−0.00 -0.36 +0.31
−0.34 — 0.75 +0.10
−0.11 0.77 +0.08
−0.12 — 0.36 +0.14
−0.13 0.38 +0.21
−0.15 −0.998 +0.73 0.998
LINE/ Erest (keV) 6.97 −0.12 6.97 −0.27 6.97 −0.27 7.57
(9)
−0.35 8.45
(9)
−0.52 7.56
(9)
−0.28 6.7 6.7 6.7 — — — — —
BLURRING α 4.78 +0.34
−0.39 4.92 +0.55
−0.54 4.93 +0.69
−0.56 5.75 +2.09
−1.77 8.29
(10)
−2.85 5.30 +2.20
−1.09 10 −3.95 5.34 +1.73
−0.75 5.48 +1.73
−0.82 3.65
(10)
−1.14 10 −1.70 10 −3.23 3 3.71
(10)
−0.86
rin (rg) 3.63 +0.38
−0.25 — — 6.25 +0.86
−1.31 — — 2.04 +0.16
−0.08 — — 15.93 +8.83
−9.58 — — — 15.91 +11.46
−7.39
θ (deg) 35.5 +2.6
−1.5 35.8 +3.9
−3.9 35.8 +3.7
−3.7 17.1 +2.6
−5.1 13.8 +2.1
−2.1 17.4 +2.0
−1.7 58.5 +3.1
−3.9 45.2 +6.6
−3.4 46.1 +5.4
−4.5 26.5 +3.3
−2.8 41.6 +2.4
−3.9 42.5 +2.0
−1.9 29.6 +1.3
−2.9 27.2 +3.3
−8.2
NL (10−3) 1.48 +0.13
−0.12 1.45 +0.15
−0.14 1.45 +0.15
−0.14 0.98 +0.17
−0.11 1.00 +0.14
−0.13 0.97 +0.14
−0.11 1.54 +0.16
−0.08 1.49 +0.20
−0.16 1.61 +0.18
−0.18 — — — — —
REFLIONX ξ — — — — — — — — — 1115 +677
−537 1079 +51
−180 1005 +247
−187 1030 +218
−238 1075 +955
−327
NR (10−6) — — — — — — — — — 0.94 +0.41
−0.27 1.50 +0.08
−0.08 1.60 +0.38
−0.32 1.09 +0.12
−0.15 0.97 +0.28
−0.35
χ2 1631.82 1636.35 1636.48 1630.67 1635 1633.28 1633.74 1639.33 1639.94 1630.00 1632.53 1632.98 1636.34 1630.05
ν 1637 1637 1638 1639 1639 1639 1640 16392
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Table 2.3: Various line model ﬁts for XTE J1650−500. For all of the analysis I used the continuum model PHABS(DISKBB+POWERLAW).
All errors presented are at the 90% conﬁdence level. Where limits are displayed as a bracketed number this indicates that the respective hard
limit has been reached within that conﬁdence range. When no limit is presented this denotes that the local minimum is pegged at the respective
hard limit. Finally if there is no upper or lower limit given this indicates that the parameter is ﬁxed at this value.
6.4–6.97keV Line 47 ≤ i ≤ 70 Self-Consistent Reﬂection
Component Parameter LAOR KYRLINE RELLINE LAOR KYRLINE RELLINE KDBLUR KERRCONV RELCONV RELCONV
PHABS NH (1022 cm−2) 0.54 +0.01
−0.01 0.54 +0.01
−0.01 0.54 +0.01
−0.01 0.54 +0.01
−0.01 0.54 +0.01
−0.01 0.54 +0.01
−0.01 0.56 +0.01
−0.01 0.56 +0.01
−0.01 0.57 +0.01
−0.01 0.54 +0.01
−0.01
DISKBB Tin (keV) 0.30 +0.01
−0.01 0.30 +0.01
−0.01 0.30 +0.01
−0.01 0.30 +0.01
−0.01 0.30 +0.01
−0.01 0.30 +0.01
−0.01 0.34 +0.01
−0.02 0.33 +0.01
−0.01 0.34 +0.01
−0.01 0.32 +0.01
−0.01
NBB 61820 +7668
−6209 60124 +5682
−5614 60597 +3391
−6060 58397 +6003
−5647 59121 +4521
−5606 57963 +5679
−2390 24449 +5196
−3800 30068 +253
−3269 23009 +402
−496 43318 +5386
−4476
POWERLAW Γ 2.16 +0.01
−0.03 2.15 +0.02
−0.02 2.16 +0.03
−0.01 2.14 +0.02
−0.02 2.15 +0.01
−0.02 2.15 +0.01
−0.02 2.14 +0.02
−0.02 2.13 +0.01
−0.01 2.14 +0.01
−0.01 2.10 +0.01
−0.01
NPL 3.28 +0.13
−0.11 3.24 +0.09
−0.10 3.26 +0.12
−0.11 3.20 +0.08
−0.09 3.21 +0.06
−0.09 3.21 +0.04
−0.09 2.13 +0.20
−0.10 2.29 +0.05
−0.05 2.10 +0.07
−0.11 2.40 +0.10
−0.12
RELATIVISTIC a — 0.66 +0.14
−0.66 0.65 +0.15
−0.11 — 0.99 +0.01
−0.01 0.99 +0.01
−0.01 — 0.99 +0.01
−0.01 0.99 +0.01
−0.01 0.95 +0.03
−0.01
LINE/ Erest (keV) 6.4 +0.06 6.4 +0.04 6.40 +0.04 6.97 −0.11 6.97 −0.21 6.97 −0.21 — — — —
BLURRING α 3.02 +0.34
−0.34 2.31 +0.22
−0.17 2.32 +0.28
−0.11 8.60
(10)
−0.93 9.82
(10)
−1.03 9.54
(10)
−0.72 6.72 +1.28
−0.67 6.58 +0.19
−0.28 7.23 +0.31
−0.83 4.69 +0.67
−0.56
rin (rg) 2.39 +1.20
−0.97 — — 1.49 +0.10
−0.05 — — 1.24 +0.15
−1.24 — — —
i (deg) 87.0
(89)
−0.6 89.0 −1.5 89.0 −1.9 68.1
(70)
−3.3 70.0
(70)
−3.7 70.0
(70)
−3.8 71.1 +3.0
−1.7 71.4 +0.7
−1.2 72.4 +1.1
−2.1 60
NL (10−2) 2.46 +0.45
−0.48 2.40 +0.39
−0.54 2.53 +0.51
−0.47 2.53 +0.57
−0.35 2.53 +0.33
−0.35 2.61 +0.29
−0.46 — — —
REFLIONX ξ — — — — — — 569 +76
−39 601 +39
−12 561 +18
−8 1061 +219
−203
NR (10−5) — — — — — — 9.00 +1.99
−2.89 6.42 +0.14
−0.29 9.68 +0.73
−1.21 1.84 +0.59
−0.44
χ2 1893.64 1896.43 1896.38 1896.96 1897.70 1897.96 1807.67 1798.20 1806.55 1844.03
ν 1716 1716 1716 1716 1716 17173
The truncated and evolving inner
accretion disc of GX 339−4
In this Chapter I present results from an analysis of four archival XMM-Newton and
Suzaku observations of the black hole GX 339−4 in the canonical low/hard state.
These high-resolution datasets are able to resolve the relativistically broadened Fe
emission line, which I use to track any variation of the disc inner radius and es-
tablish the ﬁrst systematic study of the inner accretion disc in the low/hard state.
The study reveals that the accretion disc extends closer to the black hole at higher
luminosities, and is consistent with being truncated throughout the entire low/hard
state. I demonstrate that each emission proﬁle cannot be replicated exclusively by
relativistic effects and to this end expose the signiﬁcant broadening mechanism of
ionisation. Taking this into account reveals that the inner accretion disc truncates at
hundreds of gravitational radii, which I additionally conﬁrm through further anal-
ysis of a hard-intermediate state observation. I also show that the evolution of the
spectral inner disc radius corresponds very closely to the trend of the break fre-
quency in Fourier power spectra, further supporting the interpretation of a truncated
and evolving disc in the low/hard state.
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3.1 Introduction
A truncated inner accretion disc provides a geometric interpretation to explain the
spectral changes observed in BHXRBs (Done et al. 2007; Chapter 4). Here, the
standard optically thick and geometrically thin accretion disc is replaced in the in-
ner regions by what is essentially its converse; a hot, optically thin, geometrically
thick ﬂow (Esin et al., 1997). As the accretion rate increases the truncation radius
of the disc is expected to decrease, eventually extending fully to the innermost sta-
ble circular orbit (ISCO). However, there are two distinct claims in the literature
strongly arguing against this even at relatively low luminosities in the hard state.
(1) The detection of signiﬁcantly broadened Fe lines at low accretion rates (Miller
et al., 2002, 2006b; Reis et al., 2008, 2010) offer evidence of relativistic effects at
or near to the ISCO, although this is still strongly challenged both directly (Done
and Gierli´ nski, 2006; Yamada et al., 2009; Done and Diaz Trigo, 2010) and indi-
rectly (Tomsick et al., 2009; Shidatsu et al., 2011). (2) A geometrically thin disc
with a ﬁxed inner radius will follow the L ∝ T4 relation (Gierli´ nski and Done 2004;
Dunn et al. 2011; Eq. 1.6), and hence deviations from this can reveal truncation of
the inner disc. The debate again remains unresolved with arguments for (Gierli´ nski
et al., 2008; Cabanac et al., 2009) and against (Rykoff et al., 2007; Miller et al.,
2006a; Tomsick et al., 2008; Reis et al., 2009, 2010) disc truncation. Furthermore,
there is evidence that the disc may also be truncated in the hard intermediate state
(Kubota and Done, 2004; Done and Kubota, 2006; Tamura et al., 2012), or at the
ISCO (Hiemstra et al., 2011).
GX 339−4 is a key source in the inner disc truncation debate. Investigations
by Miller et al. (2006b) and Reis et al. (2008) of strongly broadened Fe lines have
suggested that the disc is at the ISCO at ∼ 0.05LEdd in the hard state. However,
Done and Diaz Trigo (2010) demonstrated that these data can be largely affected by
photon pile-up, and presented evidence that the emission line could be signiﬁcantly
narrower. Studies by Tomsick et al. (2009), Shidatsu et al. (2011) and Petrucci
et al. (2014) have examined the Fe line region further at lower luminosities provid-
ing evidence for a truncated disc, and hints at a correlation between the inner radius
estimates and luminosity. Currently, therefore, our understanding of the state of the
inner accretion disc in the hard state of GX 339−4 is uncertain. It is essential that
we are conﬁdent of how the inner disc evolves in the hard state in order for us to
measure the BH spin through the X-ray reﬂection method. This requires that the
inner disc is at the ISCO and relies heavily on studies of the hard state, where irra-
diation of the disc is high and the underlying continuum around 6keV is relatively3.2 Observations and data reduction 67
simple (see e.g. Kolehmainen et al. 2011 for issues with softer spectral states).
Besides the investigations of Shidatsu et al. (2011) and Petrucci et al. (2014),
who re-analyse the data used in Tomsick et al. (2009), and the recent study by
Kolehmainen et al. (2014), each observation has been examined independently
whichgivesrisetocomplicationswhen comparingtherespectiveresults. Firstly,the
parameters derived from reﬂection modelling can be highly degenerate (see Chap-
ter 2) and can signiﬁcantly affect conclusions if not accounted for. This can be
observed through the range of inclination angles ﬁtted in the mentioned previous
studies. The inclination angle of GX 339−4 has not been accurately measured (see
§1.6) and freely ﬁtting this parameter can crucially affect the inner radius estimate
(Tomsick et al., 2009). Additionally, assorted interpretations of the spectra have
led to a variety of models being applied which can again skew results. Table3.1
is a compilation of all of the inner radius estimates of GX 339−4 in the hard state
using XMM-Newton and Suzaku. Directly comparing each result is difﬁcult due to
the contrasting approaches. Note as well, that whilst the range of inclination values
can signiﬁcantly skew the inner radius measured, a number of the values in Table
3.1 are also inconsistent with the strict lower limit on the binary inclination of GX
339−4 (i>41.4◦; see §1.6).
In this Chapter I present the ﬁrst systematic study of the evolution of the Fe line
region in the hard state of a transient BHXRB. I analyse the four selected obser-
vations simultaneously, which enables potentially degenerate parameters to be tied,
and for the ﬁrst time establish a consistent analysis absent of the issues described
before.
3.2 Observations and data reduction
In this Chapter I utilise the Fe line region as a probe of disc evolution with lumi-
nosity. To undertake such a task, which requires high precision, the work presented
here considers just high resolution observations with a large effective area in the Fe
K band: XMM-Newton and Suzaku. I focused on the hard and hard-intermediate
phases of the outburst, since the state of the inner disc is unclear during this phase,
and has subsequently led to much debate in recent years. This is also ideal since
a study by Kolehmainen et al. (2011) demonstrated that in the case of the disc and
power-law components having equal ﬂuxes around the Fe K range, i.e. the soft
and soft-intermediate states, the ability to determine the width of the Fe proﬁle is
severely hampered. Whilst the data I ignored restricts the ability of the sample to68 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
% LEdd Telescope (CCD) rin (rg) θ(◦) q Model Ref.
0.14 Suzaku (XIS) >65 18 (ﬁxed) 2–3 (A) (1)
0.14a Suzaku (XIS) >100 50 (ﬁxed) 2.3 (ﬁxed) (B) (2)
0.14a Suzaku (XIS) >180 20 (ﬁxed) 3 (ﬁxed) (C) (3)
∼ 0.3 Suzaku (XIS) >30 20 (ﬁxed) 3 (ﬁxed) (C) (3)
∼ 0.4 Suzaku (XIS) >10 20 (ﬁxed) 3 (ﬁxed) (C) (3)
∼ 0.5 Suzaku (XIS) >70 20 (ﬁxed) 3 (ﬁxed) (C) (3)
∼ 1.1 Suzaku (XIS) 40+240
−25 20 (ﬁxed) 3 (ﬁxed) (C) (3)
2.0 Suzaku (XIS) 13±6 46±8 2.3±0.1 (D) (2)
2.0b XMM (EPIC-pn) >100 60 (ﬁxed) 3 (ﬁxed) (E) (4)
3.5 XMM (MOS) 5±0.5 20+5
−10 3 (ﬁxed) (F) (5)
3.5c XMM (MOS) 2.1±0.1 20
(20)
−1.7 3.1±0.1 (G) (6)
3.5c XMM (EPIC-pn) 170±70 60 (ﬁxed) 3 (ﬁxed) (C) (7)
3.5c XMM (EPIC-pn) 140+60
−50 60 (ﬁxed) 3 (ﬁxed) (E) (4)
15 XMM (EPIC-pn) 47+10
−7 60 (ﬁxed) 3 (ﬁxed) (E) (4)
Table 3.1: A compilation of previous reﬂection analyses of GX 339−4 with
XMM-Newton and Suzaku. The contrasting models and inclination makes
comparing the different works difﬁcult.
References: (1) Tomsick et al. (2009); (2) Shidatsu et al. (2011); (3) Petrucci
et al. (2014); (4) Kolehmainen et al. (2014); (5) Miller et al. (2006a); (6) Reis
et al. (2008); (7) Done and Diaz Trigo (2010).
a A re-analysis of the observation used in (1).
b The Suzaku observation forms part of three over ∼12d, during which the XMM
observation took place.
c A re-analysis of the observation used in (5).
(A) POWERLAW+LAOR
(B) POWERLAW+DISKLINE+DISKLINE – the extra DISKLINE is for Fe Kβ
emission.
(C) DISKBB+POWERLAW+KDBLUR*REFLIONX
(D) DISKBB+COMPPS+COMPPS+DISKLINE+DISKLINE – the extra DISKLINE is
for Fe Kβ emission.
(E) DISKBB+COMPTT+NTHCOMP+KDBLUR*RFXCONV*NTHCOMP
(F) DISKBB+PO+KDBLUR*CDID – CDID refers to the constant density ionised
disc reﬂection model of Ballantyne et al. (2001).
(G) POWERLAW+KDBLUR*REFLIONX3.2 Observations and data reduction 69
ObsID State Net Count Rate (cts/s) Exposure
1 403067010 Hard (Decay) 2±0.01 105ks
2 0605610201 Hard (Rise) 132±0.1 32ks
2b 405063010 HIMS (Decay) 20±0.02 (29) 22ks
3
0204730201
Hard (Rise) 259±0.1 155ks
0204730301
4 0654130401 Hard (Rise) 352±0.2 (988) 25ks
Table 3.2: Selected observations of GX 339−4 in hard and hard-intermediate
states. Observations 2, 3, 4 were taken with XMM-Newton, whilst 1 and 2b are
Suzaku datasets. Exposures correspond to that remaining after the reduction pro-
cess, and hence used in the analysis. Count rates in brackets refer to before any
pile-up removal was applied.
probe the inner disc evolution, the inner disc is already widely accepted to have
extended to the ISCO in the soft states (see §1.3.1).
The remainder of this section introduces the data reduction procedure, and the
ﬁve observations found in the archives which met the above criteria are described
in Table 3.2.
3.2.1 XMM-Newton
In this study I do not consider data from the EPIC-MOS camera (Turner et al.,
2001), and instead utilise only the EPIC-pn (Str¨ uder et al., 2001), for which the
three observations were all taken in ‘timing’ mode. In §3.2.1.1 I outline the reasons
for this and how the effects of pile-up were mitigated. All spectra were extracted
from a region in RAWX [31:45], following the procedure described in §2.2.2.1.
In §3.3.3.1–3.3.3.4 I ﬁt the EPIC-pn spectra in the 4–10keV band. This enables
simultaneous ﬁtting of the spectra with tied parameters and a well calibrated band-
pass in a reasonable timescale (∼weeks to ﬁt and calculate errors). I then check the
consistency of these results in §3.3.4 by ﬁtting each observation individually in the
full bandpass of 1.3–1.75 and 2.35–10 keV following Chapter 2, as is the standard
method for X-ray studies of BHXRBs. I note that applying EPFAST did not produce
any noticeable changes in the spectra, which is probably due to the low count rate
of the observations. This has also been found at similar count rates in timing mode
(see e.g. Chiang et al. 2012).70 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
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Figure 3.1: An example of pile-up in the XMM-Newton EPIC-MOS camera 1 data
(Observations 3 in Table3.2). A clear cavity is observed at the centre of the image,
which is the hallmark of extreme pile-up.
3.2.1.1 Evaluating pile-up in the EPIC-pn data
Pile-up occurs when several photons hit two neighbouring pixels (pattern pile-up),
or the same pixel (photon pile-up), during one read-out cycle (see §2.2.1). The
EPIC-pn timing mode collapses the data into a one-dimensional row, hence the
extraction region becomes a box. In the case of pile-up treatment, brighter columns
around and including that centred on the source are removed, leaving in essence
two source boxes separated by the excluded region. How many central columns are
removed depends on how severe the pile-up treatment is required to be.
In this studyIonly utilisetheEPIC-pn camera, and in themain thiswas to ensure
pile-up is mitigated. For Observation 4 the EPIC-MOS data cannot be studied since
only the EPIC-pn camera was operated. In Observation 3 the MOS was active
and suffers signiﬁcantly from pile-up (Fig.3.1). This dataset was taken in the full-
frame imaging mode, for which WebPIMMS (using values from Table 3.4) predicts
a count rate of over 100 times the nominal pile-up limit of 0.7cts/s recommended
in the XMM Users Handbook. Since such a large annulus region was required to
solve for this, the resultant spectra had less than 2% of the counts registered in the
EPIC-pn dataset between 4–10keV, which I later determine to be pile-up free. The
MOS dataset for Observation 2 was taken in timing mode, which should be free3.2 Observations and data reduction 71
of pile-up. However, given that the EPIC-pn was certainly free of pile-up for this
observation, and is a much superior instrument at 6keV, I decided the EPIC-pn was
the best option for this study. A further motivation for this is that using only the
EPIC-pn reduces the calibration dependence of this analysis.
The default check for pile-up is to examinethe registered count rate and compare
ittothenominallimitforpile-uprecommendedbytheXMMteam. FortheEPIC-pn
timing mode this is 800cts/s, of which Observations 2 and 3 were well below (see
Table 3.2), however, Observation 4 exceeded even this threshold. A more detailed
test comes from the SAS task EPATPLOT, which displays how the distribution of
single and double-pixel (and higher) events compare to their expected values. If the
two diverge this acts as strong evidence for pile-up and I hence applied this to all
three XMM-Newton observations. Again Observations 2 and 3 show no evidence
for pile-up, although Observation 4 does. I found that the removal of the inner 3
RAWX columns in Observation 4 resolved the event distribution in EPATPLOT, and
also reduced the net count rate to a very acceptable 352cts/s. However, it should be
noted that BHXRBs are very variable X-ray sources, and ﬂares could lead to unique
pile-up events, despite the reduced mean count rate.
As I described before in Chapter 2, the effect of pile-up in the energy-spectrum
is highly debated. However, with more certainty I can say that pile-up will lead to
an overall spectral hardening, as low energy photons are in essence shifted to higher
energies. One can therefore use this to verify that a chosen level of pile-up correc-
tion is sufﬁcient. As a ﬁnal check, I compared the spectra extracted using regions
with increasing central sections removed, as listed in Table 3.3. A simple absorbed
power-law was ﬁt between 1.3–10keV to Observations 2 and 3 with full extraction
regions, and Observation 4 with the three central columns removed. These were
the optimal extraction regions determined before through the count rate and EPAT-
PLOT. The 1.75–2.35keV region was removed, which contains instrumental edges,
and a lower bound of 1.3keV was chosen due to calibration uncertainties at ener-
gies below this, referred to as the ‘soft excess’ (see the XMM-Newton Calibration
Technical Note (0083)1; Chapter 2). The 5–8keV band was also removed to avoid
ﬁtting the Fe line, as is standard when ﬁtting the continuum. I then added spectra
with alternative extraction regions (Table 3.3) with the column density and photon
index ﬁxed as determined with the optimal datasets. By normalising each spectrum
to be equal between 1.3–1.75keV this then allowed any spectral hardening to be
exposed.
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Net Count Rate (cts/s)
Full Column Inner 3 Inner 5 Inner 7
2 132±0.1 47±0.1 26±0.1
3 259±0.1 93±0.1 53±0.1
4 988±0.1 352±0.1 194±0.1 114±0.1
Table 3.3: A comparison of net count rates for the EPIC-pn datasets after cor-
recting for pile-up. A full column corresponds to the region 31–45 in RAWX.
Removal of the inner 3, 5 and 7 columns refers to the regions of 37–39, 36–40 and
35–41 being excluded. The latter region was only included for Observation 4 as a
means to compare two larger regions to the optimum extraction region used in this
study.
The data/model ratios for these three observations are plotted in Fig. 3.2. Piled-
up data will be harder, hence having a roughly constant increasing excess at higher
energies as compared to spectra with less or no pile-up present. The ﬁt itself was
not expected to be precise as X-ray reﬂection and the thermal disc component (if
present in the bandpass) were not being modelled. However, the deviation from a
single power-law allows the effects of pile-up to be easily detected.
Observation 2 showed little deviation between the three spectra. Above 8keV
there was some softening; however, this is not expected to be due to pile-up, which
should show a gradual hardening of affected data throughout the bandpass. When
each spectrum was ﬁtted individually the photon index variation was very small
(<0.05). Instead, this is likely to be due to calibration uncertainties. The line proﬁle
itself appeared unaffected, and hence I concluded that the full extraction region can
be used for this observation.
Observation 3 is very similar to Observation 2, again showing some softening
above 8keV when columns were removed. No signiﬁcant hardening was seen in
the spectra using a full extraction region and the line proﬁle remains consistent,
hence conﬁrming that the full extraction region is free of pile-up, as was indicated
by the count rate and EPATPLOT. For Observation 4 the spectra with 3 columns
removed was ﬁtted since a full region was found be modiﬁed by pile-up by EPAT-
PLOT, whilst also having a count rate above the recommended threshold. In Fig.
3.2 it can be seen that the spectra with a full extraction region is signiﬁcantly harder
and shows a disparate line proﬁle. The ﬁtted spectra with three columns removed
exhibits a drop above 8keV; however, this is due to a strong Fe edge emphasised
by the large reﬂection fraction (Table 3.5; see also §3.3.2). Spectra with 5 and 7
columns removed look very similar to the ﬁtted data, albeit showing some further
softening above 8keV consistent with the other observations. The Fe proﬁle ap-3.2 Observations and data reduction 73
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Figure 3.2: A comparison of pile-up effects in the EPIC-pn datasets using various
extraction regions. The top, middle and lower panels refer to Observations 2, 3 and
4 respectively (Table 3.2). All spectra were extracted from a region of 31–45 in
RAWX. Red, green and blue indicate that the inner 3, 5 and 7 columns have been
removed. The black spectra utilises the full strip. In this study I used the full strip
for Observations 2 and 3, and Observation 4 has the inner three columns removed,
hence I analysed these datasets and compared how the other spectra match-up
after normalising the 1.3–1.75 regions to be equal. If pile-up is present the spectra
are expected to be systematically harder, i.e. increasing data/model ratio towards
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pears unchanged, and in all this suggests that the removal of three columns leaves
the data free from pile-up as determined before.
The small softening effects seen above 8keV are probably due to calibration
uncertainties in the determination of the effective area for a PSF with central holes.
This was conﬁrmed by the XMM-Newton EPIC calibration team, who noted that
the variation is less than 10%, and the most recent EPIC calibration status quotes
the uncertainty in the effective area to be ±5%2. Regardless of observation (i.e.
source count rate), or the number of columns removed, the softening occurs, and
would suggest that the effect is not due to pile-up. For example, in Table 3.3 one
can see that Observation 2 with a full strip is at 6 times below the recommended
limit of 800 cts/s. Removing 3 and 5 columns reduces the count rate further to 17
and 30 times below the limit, respectively, yet the softening still occurs. It would be
very unlikely that the softening effect is pile-up at such low count rates; however, I
cannot deﬁnitivelyruleout thisis thecase, and, as discussed in §2.2.1, it is uncertain
how this would effect the Fe line proﬁle.
To test how this softening might affect the results in this Chapter, I compared
results from ﬁtting Observation 4 when 3 or 5 columns were removed. The model
PHABS(DISKBB+POWERLAW+RELCONV∗XILLVER) wasappliedbetween1.3–10keV.
The inclination was ﬁxed at 42◦ to be in line with the value ﬁtted later in the anal-
ysis using all four spectra (§3.3.3.2), but otherwise all remaining parameters were
ﬁt freely. The result is extremely consistent, with the inner radius being exactly
the same (67risco). The only parameter not consistent at 90% conﬁdence was the
photon index, although only the slightest difference was recorded: 1.63±0.01 (5
columns) vs 1.60±0.01 (3 columns). This may be due to the energy dependence of
the point spread function. Such a small variation does not ultimately make much
difference, and pile-up is expected to create a much more severe discrepancy (see
Ng et al. 2010 for examples of strong pile-up in spectra). The modelled reﬂection
was unaffected which is of most importance to this study. Therefore, any uncer-
tainty due to removing columns in Observation 4 has no bearing on the conclusions
in this Chapter.
3.2.2 Suzaku
Suzaku carries four X-ray Imaging Spectrometer detectors (XIS; Koyama et al.,
2007), one of which is ‘back-illuminated’ (BI), in addition to the three ‘front-
illuminated’ (FI) ones. Each covers the 0.2–12keV band. On 2006 November 9,
2http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0018.pdf3.2 Observations and data reduction 75
XIS2, one oftheFI detectors, failed and hence was notconsidered in thiswork. Fur-
thermore the Hard X-ray Telescope (HXD; Takahashi et al., 2007; Kokubun et al.,
2007) extends coverage to the 10–70keV (PIN) and 50–600keV (GSO) regions
respectively.
The unﬁltered event ﬁles were processed following the Suzaku Data Reduc-
tion Guide using the HEADAS v6.11.1 software package. Clean event ﬁles were
then produced using the FTOOL AEPIPELINE, applying the calibration products
(HXD20110913, XIS20120209 and XRT20110630). Suzaku undergoes wobbling
due to thermal ﬂexing leading to a blurring of the image. Therefore the script
AEATTCOR.SL3 was used to create a new attitude ﬁle, which was then applied to
each clean event ﬁle using the FTOOL XISCOORD. For the XIS, XSELECT was
then used to extract the spectral and background products. A source region with a
radius of 200 pixels centred on the image peak was used for all observations. Ob-
servation 2b, however, employed the 1/4 window mode, therefore the extraction
region was larger than the window itself, and hence the effective region extracted
was an intersection of the 200 pixel radius circle with a rectangle of 1024×256
pixels. Background events were extracted using a circle of 100 pixels located away
from the source.
To check for the effects of photon pile-up the tool PILE ESTIMATE.SL4 was used
which creates a two-dimensional map of the pile-up fraction. Observation 2b re-
quired treatment, hence the source circle was exchanged for an annulus with an
inner region with a radius of 30 pixels, which limited the effect of pile-up to <5%.
Observation 1 was found to be free from any pile-up. The tools XISRMFGEN and
XISSIMARFGEN were used to create the response and ancillary ﬁles respectively.
For the analysis the two FI cameras (XIS0 and XIS3) were combined using the
FTOOL ADDASCASPEC, whilst the BI instrument (XIS1) was not used since it has
a smaller effective area at 6keV, and is generally less well calibrated. Each of the
spectra were required to have a minimum of 20 counts per bin using the FTOOL
GRPPHA. As with the XMM-Newton observations, I ﬁt the XIS spectra between
4–10keV in §3.3.3.1–3.3.3.4 to allow simultaneous ﬁtting with tied parameters and
a well calibrated bandpass in a reasonable timescale. For §3.3.4 the bandpass was
extended to 0.7–10keV and the 1.7–2.4keV region was ignored, which like the
EPIC-pn showed strong residuals.
In §3.3.2IalsomakeuseofthePIN instrumenttoextendthebandpassexamining
the continuum emission. Appropriate response (depending on whether the pointing
3http://space.mit.edu/CXC/software/suzaku/aeatt.html
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was XIS or HXD) and tuned non-X-ray background (NXB) ﬁles were downloaded.
I then applied the FTOOL HXDPINXBPI which produces a dead time corrected PIN
sourcespectrumplusthecombinedPIN background(nonX-ray and cosmic). Again
a minimum of 20 counts per bin was required and the PIN was ﬁt in the 15–50keV
bandpass, as recommended by the HXD instrument team. The GSO instrument was
not used in this analysis.
3.2.3 RXTE
The reduction of the RXTE observations was performed by Dr. Mick¨ ael Coriat,
following the procedure described in §2.2.2.2. The PCA data were ﬁt in the en-
ergy range 7–30keV for Observations 2 and 3. For Observation 4 the HEXTE was
then not operational, hence I only included the PCA data, but extended its range
up to 50keV given that it is a signiﬁcantly longer and brighter exposure. For the
variability analysis in §3.3.3.5 only the PCA data were used, and for this the data
were reduced by Dr. Teodoro Mun˜ oz-Darias. The data modes GoodXenon1 2s
and E 125us 64M 0 1s were utilised depending on the case. Power density spec-
tra (PDS) were computed following the procedure reported in Belloni et al. (2006),
using stretches 1024s long and PCA channels 0–95 (2–40keV).
3.3 Analysis and results
The Fe line region in some of these observations, or contemporaneous ones, has
previously been analysed (see e.g. Tomsick et al. 2009; Done and Diaz Trigo 2010;
Shidatsu et al. 2011; Cassatella et al. 2012). At the time of analysis this was,
however, the ﬁrst work to make use of Observations 2b and 4. These have since
been reported in Petrucci et al. (2014) and Kolehmainen et al. (2014). Quite simply,
one can compare the results from each previous analysis to probe any correlation
between the Fe line region and luminosity. However, such a process introduces
many issues which could bias results and hence conclusions. For example, the
use of different models; the effects of degeneracies in the models; and the range
of values of constant parameters like inclination, are just a few of these potential
complications.
To gain a real insight into evolution throughout outburst one must keep analysis
between each observation as consistent as possible. This is the key approach of this
work. The observations were ﬁt simultaneously, hence applying the same model to
each dataset. Furthermore, degenerate parameters, such as inclination (see Fig. 3 of3
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Figure 3.3: Left: A Hardness intensity diagram (HID) of all GX 339−4 outbursts monitored by RXTE (1995-2011; grey points). The large
coloured symbols indicate the positions ofthe chosen observations described inTable 3.2: blue/diamond (1), magenta/square (2), green/triangle
(3), red/circle (4), and cyan/star (2b). The ﬂux has units of erg cm−2 s−1. Right: The data/model ratio of continuum ﬁts to the four hard state
spectra when the ‘ignored’ energy range (5–8keV) in Table 3.2 are added (‘noticed’ in XSPEC) back in, indicating the shape and strength of
the Fe line region between observations. Note the y-scale is the same as for the left ﬁgure and data have been re-binned for plotting purposes.
The cyan HIMS observation (2b) is not shown. This is since it would overlap the Observation 3 ratio and was in a different spectral state to
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Tomsick et al. 2009), were then able to be tied, allowing not only a better constraint
in their measurement, but also mitigation of the effects of degeneracy. To this end it
was not the aim to present what the exact inner radius value is for each observation.
Instead, the relative change of parameters was investigated between each observa-
tion. This is a crucial step towards an accurate investigation of the Fe line region,
and thus the simultaneous analysis of each spectrum with tied parameters forms the
basis of this investigation (§3.3.3.1–3.3.3.4).
3.3.1 Selected models
The X-ray spectrum of BHXRBs can generally be described by three components.
Two of these are a thermal blackbody component originating from the accretion
disc and a power-law likely due to Compton up-scattered seed photons. The third,
known as the ‘reﬂection spectrum’ (Fabian and Ross, 2010), occurs due to the ir-
radiation of the disc by the up-scattered photons, resulting in, but not exclusively,
X-ray ﬂuorescence. The most prominent signature of this is Fe Kα emission due to
its high abundance and ﬂuorescent yield.
The hard state itself is dominated by the power-law component, whilst the disc is
weak (kT <0.5keV) above 1keV (Miller et al., 2006a; Reis et al., 2010). Because
of this the region below 4keV was ignored, above which the disc contribution is
negligible, thereby simplifying the spectrum to just 2 components. Whilst this re-
moves a large amount of the spectra, I show later that the results are fully consistent
with those using a full bandpass §3.3.4. The interstellar absorption was modelled
using the model PHABS ﬁxed at 0.5×1022cm−2. There were two reason for this.
Firstly, by only ﬁtting above 4keV the ability to constrain the column freely is sig-
niﬁcantly reduced. Secondly, the neutral hydrogen valuetowards GX 339−4 is well
resolved to be within the range (0.4–0.6)×1022 cm−2 (Kong et al., 2000). Hence,
the ﬁxed value was chosen to be at the centre of these limits, noting that the ef-
fect of such a range above 4keV is negligible. Whilst variability in the absorption
has been suggested (Cabanac et al., 2009), this was, however, found not to be the
case when ﬁtting individualphotoelectricabsorption edges in high-resolutionX-ray
spectra (Miller et al., 2009).
To model the reﬂection I applied the two methods used in Chapter 2: (1) the Fe
Kα line technique(§2.3.1.2), and (2) self-consistent reﬂection modelling(§2.3.1.3).
To model the Fe Kα line(method 1), and apply relativisticblurring in method 2, the
RELLINE and RELCONV models of Dauser et al. (2010) were applied respectively.
For the reﬂection spectrum the code XILLVER (Garc´ ıa and Kallman, 2010; Garc´ ıa3.3 Analysis and results 79
Observation Γ NPL Flux χ2/ν
1 1.565±0.012 0.011±0.001 0.82 777/791
2 1.437±0.008 0.098±0.001 8.30 714/668
2b 1.807±0.009 0.144±0.003 8.46 882/789
3 1.476±0.003 0.186±0.001 15.05 812/666
4 1.647±0.004 0.919±0.006 59.61 765/658
Table3.4: Results of continuum ﬁts to the ﬁveselected observations of GX339−4
using the model PHABS*POWERLAW, ordered by increasing ﬂux. An additional
SMEDGE was added to Observation 4 to account for the signiﬁcant residual beyond
8keV. The unabsorbed ﬂux is in units of ×10−10 erg cm−2 s−1 and calculated in
the 0.5–10keV energy range using the model CFLUX.
et al., 2011) was used, which goes beyond the resolution of the most widely used
publicly available model REFLIONX (Ross and Fabian, 2005). However, some anal-
ysiswith REFLIONX was includedto allowcomparisonwithpreviousinvestigations,
and ensure the results with XILLVER were consistent. For this work XSPEC ver-
sion 12.8.0 was used, and all quoted errors are at the 90% conﬁdence level unless
otherwise stated.
3.3.2 The Continuum
To begin, I analysed each observation individually, removing the Fe line region
from the ﬁt (5–8keV) in order to accurately estimate the continuum emission upon
which the reﬂection is superimposed5. At this point I wanted to test two properties
of the continuum: (1) Whether an absorbed power-law is an acceptable description
of the continuum, and (2) that the description of the continuum is consistent with
the later analysis when the reﬂection was modelled. It is imperative that the con-
tinuum is correctly modelled since the shape of the reﬂection spectrum is strongly
dependent upon it, hence I used this initial analysis as a sanity-check for the later
sections. To this end, the motivation for ﬁtting each observation individually in this
section was that it allows me to extend the broadband coverage. The main focus, the
EPIC-pn and XIS cameras, will only be covering the 4–10keV region to constrain
5The choice of 5–8keV, which is different to the 4–7keV region used in Chapter 2, was chosen
tobestsuit thebroadproﬁleshownlaterinObservation4. If4–7keVwas used,thenastrongresidual
remained above 7keV. In addition, since much of this study uses a short 4–10keV bandpass, the 4–
5keV portion is necessary to well constrain the soft part of the continuum. I note that this could
impact the results, since the Fe line proﬁle may well extend to 4keV; however, later I investigate a
largerbandpassdownto ∼ 1keV (§3.3.4),andshowthat the Fe line proﬁleis toonarrowto affect the
continuum below 5keV, meaning that the choice of 5–8keV does not affect these initial continuum
ﬁts, or the proﬁles displayed in Fig. 3.3.80 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
the continuum for the majority of this investigation. I added simultaneous PCA-
HEXTE observations to the EPIC-pn, and made use of the PIN on-board Suzaku
to extend the coverage up to 100keV and 50keV respectively. A constant normal-
isation factor must be allowed between each detector; however, the only one well
calibrated enough to be ﬁxed is between the XIS and PIN (both of the Observations
were taken in the XIS nominal position, hence I ﬁxed the constant to be 1.16). The
cross-normalisation between the PCA, HEXTE and EPIC-pn are all uncertain, so
the PCA constant was ﬁxed to be 1 and the EPIC-pn and HEXTE datasets were
allowed a free constant. These were ∼0.85 and ∼0.8 for the EPIC-pn and HEXTE
respectively. I note again that I ﬁt each epoch individually in this section, since,
given that there were 5 detectors from three separate missions, simultaneous ﬁtting
would potentially render the results degenerate if any parameters were tied between
the datasets.
I ﬁtted a single absorbed power-law to the whole broadband spectrum, tying
the photon index and normalisation parameters between detectors, whilst allowing
a constant to ﬂoat between them as described before. The continuum model was
found to be a good ﬁt to all of the observations (Table 3.4), and no cut-off was re-
quired at high energies, although this may exist beyond the upper energy limit. A
signiﬁcant smeared edge was required for Observation 4 suggesting a large amount
of reﬂection was present. The majority of residuals lie beyond 10 keV, the likely
source of which is a Compton ‘hump’ from the reﬂection of hard X-rays by the
cool accretion disc. Interestingly, this was not present in Observations 1 and 2, sug-
gesting that the level of reﬂection increased in the higher luminosity observations.
Later, in Chapter4, I show that the level of reﬂection does in fact increase at higher
luminosity in the hard state. Given the good description of the continuum by this
model I used it as the base continuum in the later sections unless stated otherwise.
For now I only consider the hard state spectra. I display the continuum data
to model ratio with the Fe line region added back into the plot (i.e.‘noticed’ in
XSPEC) for the hard state observations in Fig. 3.3. Immediately one can see a
distinct evolution of the Fe line region. At higher luminosities the proﬁle extends
further in both the red and blue wings, and the peak appears to shift to higher ener-
gies. A higher spin and inclination will broaden the red wing and blueshift the peak
respectively. However, these two parameters will be constant between observations
so I can rule out their inﬂuence.
Two remaining variables can increase the proﬁle’s extension to lower energies.
Were the inner disc radius to change, speciﬁcally to extend closer to the BH, the
relativistic effects would increase and an increase in the broadening of the red wing3.3 Analysis and results 81
would be observed. Additionally, the emissivity can generate this effect. More cen-
trally concentrated emission would mean a larger contribution to the proﬁle by the
regions experiencing stronger relativistic effects, so therefore increased red wing
broadening. However, the emissivity is not expected to vary so intensively between
hard state observations, given that previous investigations have yielded q ∼ 3 (the
emissivity is deﬁned to scale as r−q; Table 3.1). Thus, inner radius variation should
dominate the red wing variation observed. The shift in the peak of the proﬁle is al-
most certainly due to an increase in the disc ionisation. A more ionised disc means
emission from higher rest energies, hence a shift in the peak. Also, larger ionisa-
tion results in increased Compton scattering and emission from multiple ionisation
stages, which can both contribute an overall broadening of the proﬁle (Garc´ ıa and
Kallman 2009; see also Garc´ ıa and Kallman 2010 and Garc´ ıa et al. 2011), thus
extending the blue wing.
Therefore, inspection of Fig. 3.3, just by eye, implies that at higher luminosities
in the hard state the accretion disc is extending closer to the BH, and becoming
more ionised.
3.3.3 The Fe line region
3.3.3.1 Fe line modelling
To gain a more accurate description of how the disc is evolving, the Fe line region
must be modelled, and to begin I ﬁtted the Fe Kα by applying the model RELLINE
(Dauser et al., 2010). Again, this analysis only focuses upon the hard state for now.
The observations were ﬁt simultaneously, tying the inclination between each obser-
vation, and the emissivity and spin parameters were ﬁxed to be r−3 and 0.9. The
impact of these choices are discussed in §3.3.4.2 and §3.4.1 respectively. The outer
radius of the disc was also ﬁxed at 1000rg, since it is very difﬁcult to constrain.
In order to ﬁt the four epochs simultaneously, I now only used the EPIC-pn and
combined XIS datasets, and ﬁt these between 4–10keV. The absorbed power-law
continuum described in §3.3.2 was used, applying those results as the initial param-
eter values. The results are presented in Table 3.5 which report a reasonable best ﬁt
of χ2/ν = 6608/5100, with the majority of residuals remaining in the Fe K band, as
displayed in Fig. 3.4. The feature around 7keV in Observation 1 is likely to be Fe
Kβ emission, consistent with the near-neutral Fe Kα ﬁt of 6.46±0.02keV. A simi-
lar residual was also seen in Observation 2, but below 7keV, which possibly arises
from emission from a higher ionisation stage (e.g. H-like at 6.97keV) or Compton82 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
1E-3
0.01
0.1
1.0
1.1
1.00
1.05
1.10
0.95
1.00
1.05
1.10
4 5 6 7 8 9 10
0.9
1.0
1.1
1.2
3
 
 
N
o
r
m
a
l
i
s
e
d
 
C
o
u
n
t
s
 
s
-
1
 
k
e
V
-
1
4
2
1
 
 
 
4
 
R
a
t
i
o
R
a
t
i
o
 
 
3
 
 
R
a
t
i
o
2
 
 
R
a
t
i
o
Energy  (keV)
1
Figure 3.4: The four hard state datasets simultaneously modelled using RELLINE
for the Fe Kα emission line. The top panel shows the resultant best ﬁt with the
remaining panels displaying the model residuals for each observation using the
same colour scheme as in Fig. 3.3. Additionally the model residuals from Fig.
3.3 are overlaid in grey. These correspond to the absorbed power-law continuum
(PHABS*POWERLAW) before the Fe line was ﬁtted, as described in §3.3.2. This
therefore indicates how the RELLINE model is ﬁtting the overall shape of the Fe
band. All of the spectra have been re-binned for the purposes of plotting.3.3 Analysis and results 83
Model Parameter 1 2 3 4
POWERLAW Γ 1.59±0.02 1.42±0.01 1.47±0.01 1.64±0.01
NPL 0.011±0.001 0.096±0.001 0.18±0.01 0.91±0.01
RELLINE E (keV) 6.46±0.02 6.55+0.02
−0.03 6.94+0.02
−0.03 6.97−0.01
θ (◦) 18±0.1
rin (risco) 79+68
−26 36+11
−8 3.7+0.2
−0.1 3.0±0.2
NL (10−4) 0.37±0.05 2.61±0.22 7.85+0.30
−0.25 59.3±3.0
E.W. (eV) 61+10
−7 40+4
−5 75+3
−5 154+13
−6
χ2/ν 6608/5100
POWERLAW Γ 1.72+0.15
−0.03 1.44±0.01 1.47±0.01 1.60±0.01
NPL 0.013±0.002 0.087±0.004 0.16±0.01 0.37+0.06
−0.04
RELCONV θ (◦) 42+11
−6
rin (risco) >344 295+131
−163 137+71
−32 67+60
−23
XILLVER log(ξ) 1.52+0.32
−0.40 2.58+0.03
−0.04 2.61+0.02
−0.01 2.88+0.03
−0.02
NR (10−6) 6.50+25.6
−3.91 3.31+0.27
−0.24 4.82+0.15
−0.14 20.6+0.09
−0.07
RF 0.13±0.05 0.13±0.03 0.14±0.01 1.29±0.25
χ2/ν 5467/5100
POWERLAW Γ 1.66±0.03 1.45±0.01 1.49±0.01 1.53+0.03
−0.07
NPL 0.012±0.001 0.097±0.001 0.18±0.01 0.44+0.12
−0.13
RELCONV θ (◦) 36+3
−6
rin (risco) >321 419+7
−277 54+9
−22 31+18
−9
REFLIONX log(ξ) 2.06+0.08
−0.34 2.38+0.02
−0.01 2.47±0.03 3.36±0.01
NR (10−6) 2.47±0.31 8.38+1.00
−0.51 8.44+0.84
−0.93 6.57+0.38
−0.35
RF 0.10±0.03 0.06±0.03 0.06±0.01 0.73±0.21
χ2/ν 5482/5100
Table 3.5: Results from ﬁtting the four hard state observations simultaneously
with the RELLINE line proﬁle (top section) and a blurred reﬂection model REL-
CONV*XILLVER (middle section), RELCONV*REFLIONX (bottom section). The
photon index in the reﬂection models was tied to that of the continuum power-law
and the Fe abundance was assumed to be solar. The emissivity index and spin pa-
rameters were ﬁxed to be 3 and 0.9 respectively, whilst the outer radius of the disc
was ﬁxed to be 1000rg. The reﬂection fraction (RF) was calculated as the ratio
of the ﬂux from the reﬂected emission and the power-law continuum ﬂux. Both
were calculated using CFLUX in the 4–10keV band. If an upper or lower limit is
not shown this indicates that the parameter has reached a hard limit. In some cases
the inner radius parameter has reached the largest tabulated value in the model
(1000rg), therefore only the lower limit is presented in this case.84 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
scattering broadening the proﬁle, which is not accounted for by RELLINE. How-
ever, Fe Kβ emission cannot be ruled out as a possibility. The effect of multiple
ionisation stages is also seen in Observation 3 where a feature at 6.4keV remains,
most likely due to neutral emission from the less irradiated outer disc, and a broad
residual is seen beyond 7keV, probably again since scattering is not modelled. In
Observation 4 the disc is likely to be more ionised from increased irradiation, re-
moving the former issue; however, the latter becomes even more signiﬁcant as a
result, leading to even larger residuals. A large smeared edge is also clearly present.
These results indicate consistently that the inner accretion disc is more recessed
at lowerluminosities. Evolutionfrom79risco to 3risco is observedoverless thantwo
magnitudesof LEdd. However, it shouldbestressed thattherecorded values maynot
be a true representation of the inner disc radius, as it is possible that degeneracies
in the model could skew its accuracy. Furthermore, it can be seen from Fig. 3.4 that
the reﬂection was not well ﬁtted by a single relativistic line. The key result here is
the strong relative trend of a disc extending closer to the BH at higher luminosities.
This conﬁrms the initial prediction from the line proﬁles in Fig. 3.3. Additionally,
the rest energy of emission also increases with luminosity, approaching the upper
limit of the allowed range (6.97keV; H-like Fe Kα emission) for Observations 3
and 4. Hence, this predicts that the disc surface layers are more ionised at higher
luminosities, conﬁrming the second and third predictions made by eye. The tied
inclination parameter was found to be 18◦, which is consistent with previous anal-
ysis using a single Fe line (Miller et al., 2006b; Reis et al., 2010; Done and Diaz
Trigo, 2010). However, an inclination lower than ∼ 40◦ is very unlikely since it
will result in a black hole mass of >20M⊙ (see §1.6), although the inner disc may
not be necessarily aligned with the binary inclination (Maccarone, 2002). If this is
the true accretion disc inclination then it would signify a signiﬁcant misalignment
with the binary orbit, which would probably produce a substantial warp in the disc.
If the inclination were larger the trend should be largely unaffected, which I show
later for the self-consistent reﬂection model over a full range of cosi (§3.3.4.1).
The equivalent width of the lines in the rise data increases with luminosity, indi-
cating a larger area of reﬂection (i.e. a smaller inner radius). However, Observation
1, which was in decay, does not ﬁt this trend. It is likely though that this is the
only proﬁle well described by one ionisation stage, and hence would yield a larger
value compared to other observations, which instead leave signiﬁcant residuals in
their ﬁt. Therefore, the reﬂection fraction (RF) calculated in §3.3.3.2 is expected to
be a more accurate method to draw any conclusions from the relative ﬂux between
components (see also Chapter4).3.3 Analysis and results 85
3.3.3.2 Self-consistent reﬂection ﬁtting
As noted in the previous section, and displayed in Fig. 3.4, although the ﬁt was
reasonable when line modelling was applied, there were signiﬁcant residuals re-
maining in the Fe band. This suggests that the reﬂection is more complex than
just Fe Kα emission from one ionisation stage. Such a shortcoming is likely to
arise due to Comptonisation and emission from regions of the disc with different
physical conditions. Both would generate further broadening and structure in the
resolved emission line, and these mechanisms are not taken into account by any Fe
line model. Therefore such a model, if these processes were present, would either
artiﬁcially broaden in order to ﬁt, for example by over-predicting the relativistic
effects present, or leave the additional broadening not modelled, and consequently
residuals in the spectra.
Therefore, the next step is to compare the results from line modelling to that of
relativistically blurred self-consistent reﬂection from an ionised disc. The model
employed, on top of the standard continuum, was RELCONV*XILLVER (Dauser
et al., 2010; Garc´ ıa and Kallman, 2010; Garc´ ıa et al., 2011). Again, a single ab-
sorbed power-law was used as the underlying continuum, with the results in §3.3.2
utilised as the initial parameter values, which were otherwise ﬁtted freely. As for
the RELLINE analysis, the inclination was tied between each observation, and the
emissivityand spin were ﬁxed to be r−3 and 0.9 respectively, whilst the outer radius
of the disc was ﬁxed at 1000rg. The input photon index in the reﬂection model was
tied to that of the power-law and solar abundances were assumed. The ﬁt was much
improved (χ2/ν = 5467/5100; Table 3.5), and all four observations were found
to harbour a signiﬁcantly more truncated disc relative to the values obtained from
modelling the Fe Kα line only. The evolution of the inner radius was found to be
less signiﬁcant statistically than for method 1; however, strong evidence still exists
for evolution between Observations 4 with 1 and 2, and Observation 3 with 1.
The much larger values recorded for the inner radii can be driven by two effects.
A much larger inclination was found (42◦ vs. 18◦) and the smaller doppler shifts
at low inclinations would require a smaller inner radius to recover the same proﬁle
width (Done and Diaz Trigo, 2010). However, as discussed in the previous section,
themuchlowervaluefoundby thesingleFe linemethodishighlyunlikelygiventhe
constraints on the binary parameters of GX 339−4 (see §1.6). Thus, the inner radii
values found for the self-consistent reﬂection method are more likely to be correct.
This is tested further in §3.3.4.1 and 3.4.2. Additionally, the ionisation parameter,
ξ (see §1.4.1) will lead to a broader proﬁle through increased Comptonisation and8
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Figure 3.5: The unfolded spectral ﬁt and data/model ratios of the simultaneous ﬁtting of the four hard state observations in Table 3.2, using the
blurred reﬂection model RELCONV*XILLVER. The up-scattered disc emission is indicated by the red lines and the composite model is overlaid
in orange. The reﬂection component is displayed in two ways: the blue solid lines show the blurred reﬂection as ﬁtted, whilst the green dashed
lines display the reﬂection spectrum when the relativistic blurring (RELCONV) is removed. Please note that the green dashed lines are not part
of the ﬁt, they are purely to allow the evolution of the proﬁle due to ionisation and relativistic effects to be viewed separately. All of the spectra
have been re-binned for the purposes of plotting. I note here that unfolded spectra can be very misleading, since the data points are determined
in a model-dependent way. Throughout this thesis I use unfolded spectra only as a means to effectively display the contribution of the model
components.3.3 Analysis and results 87
multiple ionisation stages. I ﬁnd that the ionisation parameter spans over a mag-
nitude in range, yielding reasonable values in comparison to previous work. Also
present is a trend to higher ionisation with luminosity, consistent with what one
would expect: as the accretion rate increases the disc will become warmer, and
hence more ionised. Additionally, the more luminous hard component, driving the
vertical track on the HID, will irradiate the disc more and more, again increasing
the ionisation of the surface layers responsible for the reﬂection spectrum. Figure
3.5 displays how the ionisation stage evolves through the green lines, which are the
reﬂection spectrum when the relativistic blurring has been removed. Mainly neutral
emission and the signiﬁcance of Fe Kβ is seen for Observation 1, whilst Observa-
tion 4 requires only H and He-like Fe Kα emission from an almost fully ionised
disc, with a hint of Fe Kβ arising from recombination. Intermediate to this in lumi-
nosity, Observations 2 and 3 indicate a moderately ionised disc with emission from
a range of stages.
The ﬂux of each component was calculated using the convolution model CFLUX,
keeping all parameters free and tied as before. The reﬂection fraction (RF), deﬁned
at the ratio of the ﬂux from the reﬂection emission and power-law continuum ﬂux,
also shows some increase with luminosity, although strong conclusions are limited
by the small bandpass. Nevertheless, if the accretion disc is moving inwards it
presents a larger solid angle as seen by the illuminating source, therefore increasing
the portion of ﬂux due to reﬂection. An increasing RF hence agrees with the evolu-
tion of the inner disc, and displays consistency with other investigations of the hard
state (see e.g.Gilfanov et al. 1999; Chapter 4). The values of the power-law photon
index show good consistency with those found over a larger bandpass (Table 3.4;
§3.3.2), although some variation is expected as the reﬂection spectrum, which may
add curvature to the spectrum, is then accounted for with XILLVER and REFLIONX.
Nevertheless, this indicates that the reﬂection spectrum was being ﬁtted in a correct
and self-consistent manner.
This result stresses the importance in taking into account non-relativistic broad-
ening mechanisms when ﬁtting a line proﬁle. In fact, for Observations 1 and 2, only
a lower limit was found for the inner radius, making them consistent with requiring
no relativistic broadening at all at the 90% conﬁdence level. Upon reaching the
limits of the model in terms of radii, the line proﬁle shape becomes dominated by
ionisation rather than relativity, making the inner radius parameter difﬁcult to con-
strain. The consistency of the evolution found between observations brings strong
evidencethattheinneraccretion disccan besubstantiallytruncated in thehard state,
evenatrelativelyhighluminosities(up to∼0.15LEdd, assumingaBH massof8M⊙88 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
at a distance of 8kpc).
Finally, the analysis was repeated replacing XILLVER with the reﬂection model
REFLIONX (Ross and Fabian, 2005), and similar evolution was found. For this
analysis, I applied the same parameter conditions to REFLIONX as I did to XILLVER.
The inner radius parameter follows the same trend, although having smaller values
foreach observation. Theinclinationwas foundto be less(∼36◦), and thisdecrease
is likely to drive the trend to lower values of rin in the same way proposed for the
line only method (see also §3.3.4.1). Observations 1 and 2 are still consistent with
requiring no relativistic broadening at the 90% conﬁdence level. The ionisation
parameter ﬁnds different values; however, this is likely due to differences between
the two models, and the trend of higher ionisation with increasing luminosity is still
very clear.
3.3.3.3 Markov Chain Monte Carlo analysis
Thethreedifferent modelsappliedhaveunanimouslydemonstratedthesametrends;
however, applying χ2 ﬁtting to such a large number of free parameters (21; Table
3.5) across four datasets brings with it the considerable possibility that a local min-
imum is mistaken for the global best ﬁt. Furthermore, as discussed previously, the
precise resolution required in reﬂection ﬁtting, and the subtle effect that parameters
have, is highlysusceptibleto degeneracies, which can force theparameterspacea ﬁt
occupies. In order to assess this possibility a Markov Chain Monte Carlo (MCMC)
statistical analysis was performed on results with XILLVER. This technique has re-
cently been successfully used by Reynolds et al. (2012) to constrain the black hole
spin of NGC 3783, which also required a large number of free parameters.
Starting a random perturbation away from the best ﬁt (Table 3.5), four 55,000
element chains were run, of which the ﬁrst 5000 elements of each chain were dis-
carded (‘burnt’). The chain proposal is taken from the diagonal of the covariance
matrix calculated from the initial best ﬁt. For this it was assumed that the proba-
bility distributions were Gaussian, and a rescaling factor of 10−3 was applied. The
resultant 200,000 element chain can thus be used to determinethe probability distri-
bution for each parameter, and allow comparison with the results found through the
standard XSPEC ERROR command. For observations 1 to 4 the best ﬁt inner radii
andMCMC-determined90%conﬁdenceintervalswere>302, 295+125
−120, 137+84
−24 and
67+52
−15 respectively, hence being very consistent with those quoted in Table 3.5.
Figure 3.6 (top panels) displays the values of the inner radius for the four obser-
vations from every 200th step of the 200,000 elements. Each distribution shows no3.3 Analysis and results 89
sign of signiﬁcant deviation or trend, thus suggesting that the global minimum has
in fact been found, offering even more certainty to the inner radius evolution un-
covered previously. The lower panels of Fig. 3.6 show the probability distribution
for the inner radius, in-keeping with Table 3.5. For each observation the inner disc
being at the ISCO is deﬁnitively ruled out.
Another beneﬁt of MCMC analysisis that it allowsoneto reveal any correlations
between parameters. In Fig. 3.7 I present two-dimensional probability distributions
of the inner radius with inclination and ionisation. Each axis is chosen for clarity
rather than to span the entire parameter space of the model, but still encompasses
the full probability distribution for both parameters. Each distribution shows little
sign of a correlation, indicating that no signiﬁcant parameter degeneracies are at
play and that the global best ﬁt has indeed been found.
3.3.3.4 Does discevolutionmonotonicallytrack luminosity? -Comparing rise
and decay
So far only the four hard state observations have been analysed, hence ignoring the
2011 hard-intermediate dataset (Observation 2b). This observation took place in
decay ataverycomparableluminosityto Observation2, whichwas takenwhilstGX
339−4 was in its rise through the hard state. Therefore, if disc evolution is solely
a trend with luminosity, then one should expect to obtain similar results between
the two observations. The middle panel of Fig. 3.8 shows the data/model ratio
of the continuum ﬁt to Observation 2b. A strongly broadened Fe line was found,
much more asymmetric than the hard state proﬁles, indicating that the relativistic
broadening is more signiﬁcant. To probe this conclusion the inclination was ﬁxed to
that resolved by the hard stateobservations (Table 3.5), and the results are presented
in Table 3.6. The same ﬁxed values were used for the spin (0.9), emissivity index
(3) and disc outer radius (1000rg).
For both the line and reﬂection ﬁtting techniques the inner accretion disc radius
is estimated to be signiﬁcantly smaller for the intermediate state observation. This
strong contrast in the inner radius of the disc suggests a possible hysteresis in how
the inner disc evolves throughout the outburst. Furthermore, the disc inner radius
found through both methods is smaller than for all of the hard state observations at
90% conﬁdence. Therefore, this stronglysuggests that thediscis truncated from the
ISCO throughout the hard state, even in Observation 4 which was at ∼0.15LEdd
6.
6assuming a BH mass and distance of 8M⊙ and 8kpc respectively9
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Figure 3.7: Two-dimensional probability distributions of the inclination (top) and ionisation (bottom) parameters with the inner radius. For
each upper panel I plot contour levels at the 68% (blue), 90% (red) and 99% (black) conﬁdence levels. Each plot contains the full distribution
for the whole parameter range with the axis reduced for clarity. In all eight distributions there is no indication of a signiﬁcant correlation
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Parameter Line Only Reﬂection
Γ 1.84±0.02 1.85+0.04
−0.03
NPL 0.15±0.01 0.13±0.03
E (keV) 6.97−0.06 ...
rin (risco) 2.3+0.3
−0.4 12.5+7.2
−5.8
NL (10−4) 6.69+1.05
−1.00 ...
log(ξ) ... 2.65+0.22
−0.52
NR (10−6) ... 1.50+5.01
−0.50
E.W. (eV) 152+29
−30 ...
RF ... 0.23±0.12
χ2/ν 1563/1518 1556/1518
Table 3.6: Results from ﬁtting Observation 2b with the RELLINE (left section) and
RELCONV∗XILLVER (right section) models respectively. The inclination and outer
radius parameters were frozen to those found in the hard state for the respective
model used (see Table 3.5).
This conclusion is further supported by the small difference in ﬁt between the two
methods (only ∆χ2 = +7 for no additional degrees of freedom using RELLINE;
Table 3.6), meaning that the proﬁle in the hard-intermediate state is dominated by
relativistic effects from emission close to the BH.
The ionisation parameter is similar (logξ ≃ 2.6), although slightly larger in
decay. The decay spectrum is softer (as deﬁned by the hard-intermediate state)
since there is more thermal emission from the disc (compare e.g. Hiemstra et al.
2011 with Reis et al. 2010). This will lead to increased heating of the surface layers
of the disc where the reﬂection spectrum originates from, and therefore display
broader line proﬁles (Ross and Fabian, 2007), similar to that of a larger ionisation
parameter. The current publicly available models do not take this into account (see
§3.4 for further discussion of this), and it is likely that the hard-intermediate state
observation would then require a larger ionisation parameter to solve for this.
3.3.3.5 Power density spectra
The power spectra of BHs in the hard state display similar characteristics (van der
Klis, 1995, 2006). Typically they are described by a ﬂat region of power P(ν) ∝ ν0
below a frequency νb, known as the ‘break frequency’. Above νb the power spec-3.3 Analysis and results 93
0.1
1.00
1.10
0.95
1.00
1.05
4 5 6 7 8 9
0.95
1.00
1.05
 
 
k
e
V
2
 
(
P
h
o
t
o
n
s
 
c
m
-
1
 
s
-
1
 
k
e
V
-
1
)
a
d
c
b
 
 
R
a
t
i
o
 
 
R
a
t
i
o
 
 
R
a
t
i
o
Energy (keV)
Figure 3.8: (a) The unfolded spectral ﬁt for the 2011 HIMS observation (Observa-
tion 2b) using RELCONV*XILLVER to model the reﬂection component. The colour
scheme follows that of Fig. 3.5. (b) The data/model ratio for the continuum ﬁt in
Table 3.4 displaying strongly broadened Fe Kα emission. (c) The model resid-
uals when using RELLINE to model the Fe line. (d) The data/model ratio when
the reﬂection was modelled using RELCONV*XILLVER. The spectra have been
re-binned for the purposes of plotting.94 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
ObsID Date νb (Hz)
1
93702-04-01-00 2008-09-24 00:29:53
0.00255+0.00065
−0.00048
93702-04-01-01 2008-09-25 06:23:06
93702-04-01-02 2008-09-25 11:06:06
93702-04-01-03 2008-09-25 19:00:14
2 94405-01-03-00 2009-03-26 11:04:44 0.00808+0.0026
−0.0017
3 90118-01-07-00 2004-03-18 18:01:16 0.0474+0.0028
−0.0026
4 95409-01-12-01 2010-03-28 03:13:35 0.195+0.007
−0.006
Table 3.7: Fitted break frequencies (νb) for RXTE observations simultaneous to
that of the high-resolution spectra listed in Table 3.2. In order to analyse the lowest
ﬂux epoch four contemporaneous observations were combined. Quoted errors are
at the 1σ level.
tra steepen to roughly P(ν) ∝ ν−1. This break frequency is coupled with the BH
mass and accretion rate (McHardy et al., 2006; K¨ ording et al., 2007) and grad-
ually increases as the source progresses through the hard state (see e.g. Migliari
et al. 2005). Furthermore, a number of correlations have been found, notably with
a steepening of the Comptonised spectrum and an increasing amount of reﬂection
(Gilfanov et al., 1999). Both of these trends can be interpreted as an increasing
penetration of the cool accretion disc into the inner hot ﬂow which gives more seed
photons to cool the ﬂow. Therefore, it has been suggested that νb is associated with
the truncation radius of the inner disc (Gilfanov et al., 1999; Churazov et al., 2001).
For each of the hard stateobservationslisted in Table 3.2 the power density spec-
tra(PDS) ofsimultaneousRXTE observationswere analysed. Wheremorethan one
observation was available the one with the best signal-to-noise was chosen. Unfor-
tunately, the nearest observation to Observation 2b was not of sufﬁcient quality to
be used, and hence this epoch was ignored. Figure 3.9 displays all four PDS and a
clear evolution to higher frequencies can be seen for νb as the luminosity increases.
PDS ﬁtting was carried out by Dr. Teodoro Mun˜ oz-Darias with XSPEC by using
a one-to-one energy-frequency conversion and a unit response. The noise compo-
nents were ﬁtted with one zero-centred Lorentzian, plus two Lorentzians centred
at ∼ few Hz (see Belloni et al. 2002 for details on the standard procedure). For
Observation 4 another narrow Lorentzian was added due to the presence of a weak
quasi periodic oscillation. The break ﬁtted for each PDS follows the expected trend
to higher frequencies with luminosity (Table 3.7).
Earlier in this work the reﬂection spectrum was utilised to uncoverhow the inner3.3 Analysis and results 95
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Figure 3.9: The Leahy normalised PDS (Leahy et al., 1983) of the four RXTE
observations of GX 339−4 in Table 3.7, clearly showing that the break frequency
shifts to higher frequencies in the higher luminosity observations. The dashed
lines indicate the ﬁtted break frequency for each observation (Table 3.7). The
same colour/shape scheme as Fig. 3.3 is used.
radiusofthediscevolvesthroughthehardstate. Ifνb correspondstotheinnerradius
of the disc it allows an independent measure of this, and hence Fig. 3.10 compares
the trend from both methods. The dynamical and viscous timescales (both of which
could be tracking the inner radius) for accretion on to a BH are proportional to R3/2.
Therefore, one should expect to ﬁnd that the νb increases with luminosity, which is
the exact trend I ﬁnd. However, as I described before, other correlations have been
found, and it is not certain which is driving the break. Again, as an example, both
the softening power-law photon index and increasing reﬂection fraction trends are
consistent with a decreasing inner radius of the disc (Done et al. 2007; Chapter
4). Mass accretion rate may also inﬂuence the break frequency, or be intrinsically
linked to the inner radius (Migliari et al., 2005; McHardy et al., 2006).
Nevertheless, theevolutionis remarkablysimilar. Forboththelineand reﬂection
methods the evolution from Observations 1 to 2 and 3 to 4 is quite steep, whereas
from 2 to 3 the change is more moderate. The break frequency follows this same
pattern, suggesting it too tracks the inner radius of the disc, extending closer to the96 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
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Figure 3.10: Evolution of estimated inner radii (bottom x-axis; Table 3.5) using
RELLINE (red/circle) and RELCONV*XILLVER (blue/triangle), and the ﬁtted break
frequency (green/square) from simultaneous RXTEobservations (top x-axis; Table
3.7), as a function of luminosity (assuming a BH mass and distance of 8M⊙ and
8kpc respectively). In order to allow a fair comparison I applied the scaling ν ∝
R−3/2 to the x-axis (i.e. that the log space of the bottom x-axis is a factor of 3/2
larger than the top). This corresponds to the dynamical and viscous timescales for
accretion on to a BH. The black dashed line indicates the disc outer radius which
wasﬁxedto be1000rg (∼ 426risco). Thecontrasting results between RELLINE and
RELCONV*XILLVER are discussed in §3.3.3.2, but I note that the latter represents
a much better ﬁt to the data (Table 3.5).
BH as it progresses through the hard state. To see how the trend continues, the ﬁnal
hard state RXTE observation of the 2010 outburst (ObsID: 95409-01-13-06) was
analysed, which is the same outburst as Observation 4. The break frequency was
nowfound tobe at 0.53±0.03Hz, morethan afactor oftwo largerthan Observation
4, clearlyindicatingthattheevolutioncontinuesthroughthehardstate. Therefore, if
the inner radius of the accretion disc and the break frequency are physically linked,
the inner disc radius must continue to evolve throughout the hard state. Further-
more, as the source transitions into the intermediate states, the break frequency is
seen to continue above 1 Hz (see also Belloni et al. 2005; van der Klis 2006).3.3 Analysis and results 97
3.3.4 Testing the full bandpass
So far I have restricted the analysis to above 4keV, since this allows a simpler con-
tinuum model to be ﬁt in the computationally intensive task of ﬁtting four datasets
with tied parameters. Including the data below 4keV ﬁrstly adds a considerable
amount of extra degrees of freedom that need to be ﬁt. But of further importance
is that it presents a much more complex continuum. Above 4keV the continuum
is a simple power-law, but below this the thermal emission from the disc quickly
becomes signiﬁcant, and adds considerably more curvature to the continuum. Fur-
thermore, the requirement of a DISKBB model to ﬁt this, and the much stronger
effect of interstellar absorption requires three additional free parameters to be ﬁt
per spectrum. All of these factors combined make jointly ﬁtting the four hard state
spectra simultaneously, with tied parameters and a self-consistent treatment for re-
ﬂection (as applied in §3.3.3.2), impossible in a reasonable timescale if the full
bandpass is used.
Another potential issue is that the weak thermal component can be mistaken for
the soft excess in the reﬂection model. Also, the lower part of the bandpass contains
strong edges in the effective area, and is hence generally less well calibrated. Since
the statistics are better at lower energies these features could drive the reﬂection ﬁt,
rather than the more revealing Fe K emission. Whilst ignoring the data below 4 keV
restricted the bandwidth, it signiﬁcantly decreased the calibration dependence as
well. Thisprocedureisstandard practiceintheAGN communitywhere themajority
of X-ray reﬂection studies have taken place, be it in systematic investigations (see
e.g. Nandra et al. 2007; de La Calle P´ erez et al. 2010) or single observations (see
e.g. Fabian et al. 2002; Ponti et al. 2009).
ThefocusofthisChapteristosystematicallyuncoverhowtheinnerdiscisevolv-
ing in one source, hence tying parameters and minimising calibration and model
dependence is of utmost importance. As I have outlined, by necessity this requires
ﬁtting above 4keV, but this then also throws away a large amount of the soft X-ray
spectrum. Whilst the reﬂection spectrum is weaker than the thermal and Comp-
tonised emission below 4keV, it is still signiﬁcant, and in particular this part of the
reﬂection spectrum holds important information about the ionisationstage. Further-
more, the most broadened Fe proﬁles, i.e. that of a maximally rotating black hole,
may be mistaken for the continuum when only ﬁtted above 4keV. It is therefore
essential that I examine the full bandpass of each spectrum to ensure that the results
from ﬁts above 4keV are not in error.
To examine this consistency I thus ﬁtted each spectrum individually using a full98 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
bandpass,asisthestandardapproachinsnapshotX-raystudiesofBHXRBs. Forthe
XMM-Newton observations the full bandpass covers the 1.3–1.75 and 2.35–10keV
ranges. The Suzaku observations were ﬁtted in the 0.7–1.7 and 2.4–10keV bands
(see §3.2 for more details on the bandpass used). Since the inclination cannot be
jointly determined I ﬁxed it to the value determined with XILLVER (Table 3.5; 42◦)
to allow a fair systematic comparison of each dataset. Because the inclination is
measured from the sharper blue wing of the Fe Kα proﬁle this should be well deter-
mined even if the analysis above 4keV was in error. I nevertheless test the effect of
different inclination angles over the full bandpass in §3.3.4.1. With the added disc
component, the full model was now
PHABS(DISKBB+POWERLAW+RELCONV∗XILLVER) which I ﬁtted with the addi-
tional parameters for the inner disc temperature and normalisation allowed to be
free. The column density was now also ﬁtted freely due to the strong impact of
interstellar absorption below 4keV, and the results can be found in Table 3.8. Un-
fortunately, due to the lower cut-off of 1.3keV used for the EPIC-pn data, the weak
disc component could not be constrained in Observations 2 and 3. The remaining
observations were all well ﬁtted by the added disc model, all reporting a reduced-
χ2 of ≤ 1.10 (Table 3.8), except for Observation 3. The main cause of the poor
ﬁt to Observation 3 is in the soft region of the bandpass (< 4keV), and is proba-
bly due to some un-modelled thermal emission being present there (Figure 3.11).
Kolehmainen et al. (2014) also found poor ﬁts for this dataset, despite using dif-
ferent continuum and reﬂection models, but the Fe line was nevertheless still well
ﬁt.
For all of the observations each parameter remained consistent at the 90% conﬁ-
dencelevelwiththosein§3.3.3.2,andclearlyindicatesthattheresultsinthatsection
were not driven by ﬁtting only above 4keV. In particular, the inner radius parameter
shows little change and the trend of the disc extending closer to the BH with in-
creasing luminosity still remains. I note that even with the extended bandpass down
to ∼ 1keV, it may be that the continuum is not being correctly modelled, which is
well known to be an issue in studies of ultraluminousx-ray sources (Roberts, 2007).
However, the analysis of data >10keV in §3.3.2 conﬁrms that this is not the case in
thisstudy. Additionally,thepower-lawphotonindexshowsverylittlevariationindi-
cating that the continuum was still very well constrained when the ﬁt was restricted
to above 4keV. If a broad red wing from a disc at the ISCO was present then it is
possible this could have been masked by a harder photon index when ﬁtting only
above 4keV. However, little variation found when ﬁtting the full bandpass conﬁrms
that the proﬁles in the hard state show little relativistic broadening, consistent with3
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Model Parameter 1 2 3 4 2b
PHABS NH (×1022) 0.62±0.04 0.30±0.01 0.24±0.01 0.32±0.03 0.38+0.02
−0.01
DISKBB Tin (keV) 0.16±0.01 ... ... 0.22+0.02
−0.04 0.27±0.01
NBB (×103) 3.72+2.12
−1.52 ... ... 14.0+27.0
−7.5 3.94+1.50
−0.96
POWERLAW Γ 1.68±0.02 1.45±0.01 1.49±0.01 1.60±0.01 1.90±0.01
NPL 0.013±0.001 0.086±0.003 0.16±0.01 0.41±0.07 0.13±0.01
RELCONV θ (◦) 42
rin (risco) >320 213+218
−99 110+30
−15 69+37
−29 17+9
−5
XILLVER log(ξ) 1.83+0.04
−0.10 2.61+0.03
−0.01 2.63±0.01 2.86±0.03 2.78+0.04
−0.10
NR (10−6) 1.60+0.57
−0.29 3.29+0.22
−0.24 5.11±0.08 20.3+0.9
−0.8 1.33+0.33
−0.19
χ2/ν 2275/2227 1774/1614 2920/1614 1671/1612 2378/2226
Table 3.8: Results from ﬁtting the four hard state observations individually with PHABS(DISKBB+POWERLAW+RELCONV*XILLVER). The
photon index in the reﬂection models was tied to that of the continuum power-law and the Fe abundance was assumed to be solar. The same
ﬁxed values were used as for Table 3.5. In some cases the inner radius parameter has reached the largest tabulated value in the model (1000rg),
therefore only the lower limit is presented in this case.100 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
Figure 3.11: The data/model ratio of the full bandpass ﬁt to Observation 3 (Table
3.8), which shows some residual curvature. This is probably due to the disc emis-
sion not being modelled, which was not possible due to the 1.3keV cut-off. The
Fe line region still appears to be well modelled. The data has been re-binned for
plotting purposes.
a truncated disc throughout the hard state.
3.3.4.1 The unknown inclination of GX 339−4
The orbital inclination of GX 339−4 is unknown, but, as discussed in §1.6, we are
able to constrain the inclination to be 40◦<i<70◦. The respective strengths of the
different relativistic effects is determined by the inclination of the accretion disc,
one obvious example being aberration. Each effect ultimately transforms, and most
importantly broadens, the line proﬁle in different ways, thus the inclination param-
eter is very degenerate with the inner radius. A key aspect of this work is that I
jointly determined the inclination across all four hard state spectra (see §3.3.3.2).
However, this was only possible between 4–10keV since the additional disc model
parameters and degrees of freedom render this infeasible using a full bandpass in
XSPEC. I thus instead tested the effect of the inclination by ﬁtting each full band-
pass dataset individually for a range of ﬁxed inclination values, investigating the
full range of cosi in steps of 0.05.
Figure 3.12 displays how the absolute value of the inner radius varies throughout
the range of cosi. The inﬂuence of the inclination parameter is immediately clear,
ﬁtting smaller inner radii as the inclination decreases. As previously described in
§3.3.3.2, this is a consequence of the reduced doppler shift when a disc is face-on,
thus as the inclination increases (becoming more edge-on) a larger inner radius is
required to replicate the observed proﬁle width. This degeneracy underlines the
importance of the simultaneous approach taken in §3.3.3.2, and highlights the limi-
tation of snap-shot analysis often employed in X-ray spectroscopy. Table 3.9 details
the complete results of the analysis. I note that although Observation 1 appears to
remain at a constant inner radius regardless of inclination, this is because the pa-
rameter is pegged at the hard limit. The consistent relationship between the inner3.3 Analysis and results 101
cos(i)
Observation Number
1 2 3 4
0.05 >373 >328 209 +49
−35 148 +136
−81
0.1 >377 >327 208 +52
−32 148 +131
−73
0.15 >382 >341 206 +53
−30 145 +126
−66
0.2 >380 418 +8
−94 241 +28
−70 139 +126
−60
0.25 >376 408 +18
−105 235 +28
−56 136 +121
−59
0.3 >373 385 +41
−108 228 +27
−54 132 +116
−57
0.35 >371 357 +69
−102 219 +27
−52 107 +130
−37
0.4 >374 337 +89
−102 206 +28
−49 119 +102
−50
0.45 >368 319 +107
−102 189 +30
−43 114 +96
−49
0.5 >364 297 +129
−98 152 +44
−18 106 +88
−45
0.55 >362 272 +154
−91 155 +35
−27 96 +82
−39
0.6 >354 291 +135
−127 145 +30
−25 86 +73
−34
0.65 >345 266 +160
−146 132 +27
−20 75 +61
−28
0.7 >337 239 +187
−108 121 +25
−17 63 +57
−20
0.75 >318 207 +219
−94 107 +30
−14 64 +38
−25
0.8 >291 171 +240
−76 108 +13
−18 49 +38
−15
0.85 >241 132 +189
−56 104 +18
−22 43 +33
−10
0.9 >165 106 +146
−45 102 +14
−15 49 +20
−15
0.95 258 +168
−149 218 +93
−142 113 +18
−29 54 +34
−16
Table 3.9: The ﬁtted inner radius of each observation (Table 3.2) for different
ﬁxed values of inclination. Errors are quoted at the 90% conﬁdence level. In
some cases the inner radius parameter has reached the largest tabulated value in
the model (1000rg), therefore only the lower limit is presented in this case.102 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
Figure 3.12: The ﬁtted inner radius parameter for different ﬁxed values of inclina-
tion, ﬁtted individually using a full bandpass. The coloured symbols indicate the
four observations in Table 3.2: blue (1), magenta (2), green (3) and red (4). For
clarity errors are not plotted but are instead listed in Table 3.9.
radius and inclination means that the inner radius ubiquitously decreases with in-
creasing source luminosity for any assumed disc inclination. The hard state itself is
also ubiquitously associated with a truncated disc for any assumed inclination. Fur-
thermore, this again conﬁrms that the trend presented in §3.3.3.2 is not an artefact
of the reduced bandpass.
Additionally, I investigated how the chi-square value of each observation varies
throughout the analysis in an attempt to resolve the preferred inclination. Figure
3.13 displays this, and at ﬁrst glance the distribution appears to be inconclusive:
Observations 1 and 3 show a strong preference for low and high inclinations re-
spectively, and Observations 2 and 4 lean towards a high inclination, but with insuf-
ﬁcient signiﬁcance. However, Observation 1 is pegged at a hard limit throughout3.3 Analysis and results 103
Figure 3.13: The chi-square distribution for different ﬁxed values of inclination,
ﬁtted individually using a full bandpass. The colour-scheme follows Fig. 3.12.
The y-axis reﬂects the increase in χ2 from the best ﬁt value.
almost the entire range of cosi (Figure 3.12), meaning that the parameters are not
being globally constrained. If Observation 1 is ignored, then the other three obser-
vations all point towards a preference for a high inclination for GX 339−4. This
is not surprising, since it is known that for the binary inclination cosi . 0.7 (see
§1.6), and thus I conclude that theaccretion discis substantiallytruncated in all four
observations (Table 3.9).
3.3.4.2 The emissivity parameter
Throughout this study I have ﬁxed the emissivityparameter of each observation due
to the high level of degeneracy it has with the inner radius parameter. Additionally,
previous works ﬁtting the Fe line in the hard state have regularly found emissivity
parameter values consistent to the r−3 law that I adopted (Table 3.1). A larger104 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
emissivity index than this yields increased emission from the inner regions of the
disc, hence increasing the signiﬁcance of the relativistic effects upon the overall
proﬁle. This is somewhat analogous to having an inner disc radius closer to the BH
where the inﬂuence of relativity becomes stronger. I do acknowledge, however, that
the proﬁle I assumed may be incorrect and could evolve throughout the outburst
depending on the geometry of the hard X-ray source.
The value of 3 that I used for the emissivity parameter is the value for a Newto-
niandisc. In General Relativity,however, onewouldexpectthehard X-ray sourceto
bemore focused on theinner regionsbecause oflight-bending, resultingin a steeper
fall off with radius (i.e.a larger emissivity index; Miniutti and Fabian 2004). Fur-
thermore, decreasing the scale height of the corona would further this effect. To
account for this a broken power-law proﬁle may instead be required to describe the
contrasting emission from the inner region. A recent study by Wilkins and Fabian
(2012) investigates further emissivity proﬁles for different coronal geometries, the
general trend being towards a value of roughly 3 outwards of ∼10–30rg, hence
radii much smaller than I found for the disc inner radius in this Chapter. Addition-
ally, as discussed in Fabian et al. (2012), it is only in the innermost region (<2rg)
where a steeper inner proﬁle is strictly necessary. Nevertheless, it is possible that
a varying emissivity proﬁle may be contributing to the inner radius trend I have
revealed.
To test this precedent I ﬁt a broken emissivity to each observation individually
using a full bandpass. The emissivity indices, both represented by the parameter q
in the form r−q, were ﬁt in the ranges 3–10 and 2–3.5 for the inner and outer region
respectively. The larger range selected for the inner index reﬂects the inﬂuence
of light-bending, and in any case the index should be greater than 2 for the outer
region of the disc, but not signiﬁcantly larger than the Euclidean value of 3 (Wilkins
and Fabian, 2012). The break radius rbr was allowed to span the range 2.32–10rg,
whereby the lower bound is the ISCO for a spin of 0.9. For all four observations
the inner region index and break radius were unable to be resolved, both being
insensitive to the ﬁt as a signiﬁcantly truncated inner radius, much larger than rbr,
was stillpreferred. To stabilisethe ﬁt I ﬁxed the innerindex to the smallestexpected
value of 3 and break radius to 6rg respectively, ﬁtting the outer index as previously.
I note that the choice of the inner index and break radius values do not affect the
results since rin>rbr.
The inner radius of Observation 1 remained pegged at the hard limit (as in the
previous analysis; Tables 3.5 and 3.8), thus consistent with requiring no relativistic
broadening. Hence, this means that the emissivity index has no inﬂuence on the ﬁt3.3 Analysis and results 105
Parameter 1 2 3 4
h(rg) >92 >94 >98 >86
∆χ2 +65 +39 +116 0
Table 3.10: The source height h of the corona ﬁtted for an inner accretion disc at
the ISCOusing the model RELCONV-LP.The parameter ∆χ2 refers to theadditional
χ2 in comparison to ﬁtting a truncated disc model for the same degrees of freedom
(Table 3.8). In all cases the source height h pegged at the hard limit of 100rg,
therefore only lower limits were calculated.
and is unresolved. The lower limit on the inner radius was virtually unchanged by
the free emissivity parameter (>319 versus >320risco; Table 3.8). Observation 2
prefers an index of 3.5, but was unable to constrain the emissivity within the 2–3.5
range. Againthis isnot surprisinggiventhesmallrelativisticbroadeningrequired to
ﬁt the narrow proﬁle. Despite the emissivity index being free, the constraint on the
inner radius was again barely affected (214+212
−108risco). In Observation 3 the broader
proﬁlenowallowsan indexof>2.7tobeconstrained, whilsttheinnerradiusshifted
slightly (129+16
−24risco), but is still consistent with the value determined using a ﬁxed
index of 3.
The emissivity index of Observation 4 was found to be <2.5, thus being the only
observation to require an index less than the Euclidean value of 3. This may rep-
resent some change in the corona, possibly linked to the imminent state transition.
Due to the decreased centralisation of the emission, where the relativisticeffects are
stronger, the moderately broad proﬁle is recovered by a decrease in the inner radius
to 12+14
−3 risco, conﬁrming the degeneracy described before. Nevertheless, this still
represents a signiﬁcant level of truncation in this observation and only serves to
isolate it further from the more truncated hard state observations at lower luminosi-
ties. Therefore, the decision to ﬁx the emissivity index at 3 in the analysis has little
inﬂuence on the trend presented in Fig.3.10.
Recently Fabian et al. (2014) performed simulations to investigate how the na-
ture of the corona affects the determination of the inner radius, concluding that the
proﬁle width is strongly dependent upon the coronal height (see also Dauser et al.
2013). Ultimately, increasing the coronal height leads to a reduction in the fraction
of photons illuminating the inner regions of the disc, hence a narrow proﬁle could
be a signature of coronal elevation rather than disc truncation. I applied the same
lamp-post illumination model RELCONV-LP (replacing RELCONV) employed in the
simulations of Fabian et al. (2014) to investigate whether the height of the corona
can alone describe the narrow proﬁles found in all four hard state observations. I106 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
ﬁxed the inner radius of the disc to be at the ISCO and allowed the height of the
corona h to be ﬁt freely between 2–100rg. The photon index was tied to that of
the POWERLAW model. All observations preferred a source height larger than 85rg,
whilst no ﬁt was improved, and was signiﬁcantly poorer for Observations 1-3 (Ta-
ble 3.10). To summarise, the source height alone could not replicate the narrow
line proﬁles observed as well as a truncated disc. Fixing the black hole spin to be
zero (i.e. a larger ISCO) yielded the same result. As discussed in Fabian et al.
(2014), such a large source height is unlikely, and in conjunction with the poorer ﬁt
emphasises the presence of inner disc truncation in the hard state of GX 339-4.
3.4 Discussion
In this work I have analysed the Fe line region of GX 339−4 and applied it as a
probe of how the inner accretion disc evolves, presenting evidence that the Fe line
proﬁle changes with luminosity. These results indicate that even at relatively high
luminosities the inner disc radius is still somewhat truncated, although following
a trend of decreasing radius with increasing luminosity. This brings into question
at which point, if any, the inner disc has reached the ISCO in the canonical hard
state. Such a ﬁnding has a direct impact upon the use of reﬂection features to
measure BH spin. The entire range of prograde BH spin is spanned within the inner
5 gravitational radii of the disc, and hence even a slight truncation, much smaller
than the extent presented here, will have a profound impact upon the conﬁdence of
spin determination.
I investigated the use of both the line and self-consistent reﬂection ﬁtting meth-
ods, and found at all stages that the disc is predicted to be signiﬁcantly more re-
cessed using the latter technique. Self-consistent reﬂection modelling takes into
account Comptonisation and multiple ionisation stages, which themselves broaden
the line proﬁle. These effects are a consequence of disc ionisation, and hence a
degeneracy could occur between relativistic broadening, for example the inner disc
radius, and the ionisation parameter. An increasing trend of the ionisation param-
eter with luminosity was recorded. On the HID (Fig. 3.3) the hard state track is
near-vertical, keeping a roughly constant hardness, meaning most of the power is
consistently going mainly into the hard, illuminating, component, rather than the
soft disc. By deﬁnition the ionisation parameter is proportional to the ﬂux of the
illuminating component, and therefore it should be expected to increase with lu-
minosity. An extensive MCMC analysis conﬁrmed that there was no degeneracy3.4 Discussion 107
between the inner radius and ionisation parameters (Fig. 3.7).
One major issue currently with the publicly available reﬂection models is that
they describe the illumination of an otherwise cold slab of gas. This assumption is
acceptable for use in ﬁtting the spectra of AGN, where the disc is relatively cold.
However, in the case of BHXRBs, the hotter surface layers of the disc will have
a signiﬁcant effect upon the reﬂection spectrum (Ross and Fabian, 1993, 2007).
Additionally, there is the presence of the thermal disc component in the soft X-
ray bandpass, which may be mistaken as reﬂection by the model. This problem is
further compounded by better statistics at lower energies, which hence can drive
the ﬁt in this range rather than the more revealing Fe line region. I removed the
latter issues by ﬁtting only above the energy range where the disc is signiﬁcant,
and hence the continuum description is a much simpler absorbed power-law. The
effects of the hotter disc are not so straightforward to determine. The increased
ionisation has clear broadening effect on the line proﬁle as discussed in (Ross and
Fabian, 2007); however, it should be fairly consistent between observations due to
the small range in hardness in Fig. 3.3, which indicates no signiﬁcant increase in
the soft thermal emission. Therefore, the effect of ionisation not due to irradiation
should be roughly constant between each observation.
It is, however, signiﬁcant and likely to be treated in two ways by the reﬂection
model. Either the ionisation parameter or the relativistic effects will be increased to
reproduce the additional broadening in the line proﬁle. If the outcome is the latter
this should yield inner disc radii values closer to the BH than would be apparent for
a self-consistently modelled BHXRB. Therefore, in such a case, I would expect the
disc to be more truncated than that estimated in this investigation.
The reﬂection models used in this Chapter are angle-averaged, thus lacking
angle-dependance, which is known to affect the observed spectrum (Magdziarz and
Zdziarski, 1995; Matt et al., 1996). Firstly, the observed reﬂection spectrum will
change for different values of disc inclination, since an observer viewing at high
inclination (grazing the disc) will effectively observe a larger optical depth. This is
because photons emitted at a given depth in the disc atmosphere will see a larger
effective depth in order to escape to the observer. Secondly, blurring the reﬂection
spectrum with a relativistic convolution model fails to include the correct relativis-
tic effect on each emitted photon, which have their own angle of emission. Photons
emitted from a range of angles will contribute to the spectrum observed at a spe-
ciﬁc inclination angle. The effect of angle-dependance is reduced at high levels
of ξ observed from BHXRBs (Garc´ ıa et al., 2014), and since the accretion disc
is substantially truncated in these observations, the effect of the relativistic model108 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
should be reduced. Nevertheless, these are two effects not accounted for in this
study, and I refer the reader to the work of Garc´ ıa et al. (2014), who investigate
angle-dependance in the latest version of XILLVER.
Although distinct evolution of the inner disc in the hard state of GX 339−4 has
been uncovered, this investigation is still limited by the small sampling of other BH
sources. Althoughmanysourcesshowsimilarbehaviour(seee.g. Dunnet al.2010),
some for example do not show full state transitions (e.g. Swift J1753.5−0127;
Soleri etal. 2013)and henceit maybethecasethat theinnerdiscevolvesdifferently
in the hard state of other BHs.
3.4.1 The effect of the spin parameter
Throughout this analysis I have assumed that the spin of the BH in GX 339−4
is a = 0.9. The spin parameter is calculated from the ISCO itself, spanning 6–
1.235rg for the prograde range of spin (a = 0−0.998). The key assumption is
that the disc is at the ISCO and in testing this assumption the inner disc and spin
parameters become highly degenerate with each other. Therefore, since the aim of
this investigation was to measure the inner disc radius, I ﬁxed the value of the spin
to be a = 0.9 to keep all the analysis consistent. As alluded to in §3.3.3.1 this is the
upper limit found by Kolehmainen and Done (2010) using the continuum method.
It is also close to values obtained previously by reﬂection ﬁtting (Reis et al., 2008;
Miller et al., 2008a).
However, deﬁning a spin value has in fact very little effect upon the conclusions
presented in this Chapter. For a ﬁxed radius, increased spin will have some effect
due to frame dragging, but this is quite minimal, and only observable for the very
inner regions of the accretion disc (Dauser et al., 2010). Since the disc is found to
be largely truncated, the adopted spin value has little or no effect upon the results
of this study.
3.4.2 How well constrained is the inner radius?
Muchofthefocusin thisChapterison howtheinnerradius ofthediscisevolvingin
the hard state. If one just examines absolute values then this would suggest that the
discis always substantiallytruncated. However, givenhow degenerate theunknown
inclination parameter is with the inner radius, I cannot be sure of this, and instead
concentrate moreon the trend between observations. At ﬁrst sight, themagnitudeof
theconﬁdencelimitsontheinnerradiuswouldsuggestthattheanalysisisuncertain,3.5 Conclusions 109
perhaps even ﬂawed, but this is simply due to the decreasing relativistic effects at
large radii. For example, the ﬁts to the Fe Kα line with RELLINE (Table 3.5) ﬁnd
conﬁdence limits a factor of over 100 larger for Observation 1 than Observation 4.
The ﬁt is just as well constrained, and as well as the other parameters, it is just the
smaller effect on the spectrum at large radii that drives the increasing limits.
AlthoughtheChapterdoes notfocus upontheabsolutevaluesoftheinnerradius,
I am still interested in how well they represent the true value. One test of this is to
calculate whether the ﬁtted EW matches that expected for a reﬂecting slab truncated
to the radius inferred before. A disc will subtend a solid angle of Ω = 2π(cosθin−
cosθout), where the respective angles are to the radii corresponding to the inner and
outer radii from the centre of the disc. These are calculated as θ = arctan(R/h),
where R is the respective disc radius and h is observer’s height above the disc. The
observer here is the illuminating source, since we are interested in the angle the disc
subtends below the source, and I use a height of 20rg. Given that Rout ≫ h I can
assume θout = 90. I estimated the expected EW values from Garc´ ıa et al. (2013)
using the values for the ionisation parameter I ﬁtted using XILLVER (Table 3.5).
Assuming isotropic emission, the ratio of the EW calculated with RELLINE to the
expected value should be equivalent to Ω/2π.
I found a reasonable agreement in each case, with the EW ratio factors of 1.17,
0.94, 0.82 and 1.14 larger than the solid angle for Observations 1 to 4 respectively.
EachobservationisconsistentwiththeEW ratiowithinthelimitsontheinnerradius
parameter. Although this is a good indication that the absolute value of the inner
radius is reasonable, some uncertainties still remain. For example, the expected EW
is calculated from the whole Fe K region, where Fe Kβ emission could contribute
up to ∼15% of the EW depending on the ionisation stage. Also ﬂaring of the outer
disc is expected (see e.g. Corral-Santana et al. 2013 and references therein) which
could signiﬁcantly increase the EW observed. The EW is also angle dependent,
since at larger inclination emission from a given surface layer has to travel through
more of the disc atmosphere to escape (see e.g Matt et al. 1996).
3.5 Conclusions
I have systematically analysed how the inner accretion disc evolves in the canonical
hard state of GX 339−4 using the Fe line region. These results have shown that the
inner accretion disc movescloser to the black hole at higher luminosities,consistent
with the broader proﬁle found in the spectra. The poor ﬁt to each spectrum using110 Chapter 3. The truncated and evolving inner accretion disc of GX 339−4
a single line model points to a reﬂection spectrum not dominated by relativistic
effects, with signiﬁcant broadening also arising as a result of ionisation. When
this is taken into account I found an improved ﬁt and much larger inner radii, with
the two lowest luminosity observations consistent with no relativistic broadening
at the 90% conﬁdence level. However, the absolute values found by modelling
reﬂection features can be affected by degeneracies between parameters, and this is
the motivationfor a systematicanalysis. Therefore, the key result is the strong trend
to smaller inner radii at larger luminosities, which should be largely independent of
such effects. Extensive analysis of potential parameter and bandpass degeneracies
conﬁrm this trend.
The trend uncovered thus fully supports the truncated disc model of the hard
state. Furthermore, when extending the analysis to the hard-intermediate state even
smaller inner radii are found, such that the disc is consistent with being truncated
throughout the entire hard state. It has also been suggested that the break frequency
found in the power density spectra of the hard state corresponds to the inner radius
of the disc (Gilfanov et al., 1999). Upon comparing this to the results from spectral
ﬁtting, a remarkably similar trend is uncovered. Together these two independent
conclusions provide very strong evidence in favour of disc truncation in the hard
state.
This result implies that the current sample of spin estimates in the hard state are
inaccurate. Therefore, any distinct conclusions drawn from these estimates, such as
the spin-powering of relativistic jets, may well be biased.4
Revealing accretion on to black holes:
X-ray reﬂection throughout three
outbursts of GX 339−4
In this Chapter I present results from an investigation into how accretion evolves
in the outbursts of black hole X-ray binaries. The reﬂection spectrum describes the
reprocessing of coronal photons in the surface layers of the accretion disc, and can
hence be used to map the geometry of the disc and corona. I analyse over 500 Rossi
Timing X-ray Explorer observations covering three full outbursts of the black hole
binary GX 339−4, to which I applied a self-consistent treatment of X-ray reﬂec-
tion. Using the coincident evolution of the power-law and reﬂection components,
I show that their non-linear evolution represents changes in the accretion geome-
try. I reveal that the reﬂection fraction, the ratio of reﬂection to power-law ﬂux,
is weak but increases as the low/hard state rises. In contrast the reﬂection domi-
nates the power-law throughout most of the soft state, with increasing supremacy
as the source decays. I discuss potential dynamics driving this, favouring inner disc
truncation and decreasing coronal height for the hard and soft states respectively.
Furthermore, I show that the evolution of the ionisation parameter, power-law slope
and high-energy cut-off also agree with this interpretation.
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4.1 Introduction
Understanding the dynamics behind black hole state transitions, and the changes
they reﬂect in outbursts has become a long-standing problem. The interplay be-
tween therespectivesoft thermaland hard Comptonisedemissionultimatelydeﬁnes
the two distinct hard and soft states. However, deﬁning the morphology leading to
state transitions, and separating the two states, has proven to be difﬁcult, not least
due to an insufﬁcient physical understanding of the corona. Interpreting the role
of the jet has also proven to be difﬁcult, even though the X-ray and radio emission
correlate well (Corbel et al., 2003; Gallo et al., 2003; Corbel et al., 2013a). Fur-
thermore, the base of the jet has been proposed as a source of hard X-rays (e.g.
Beloborodov 1999; Markoff et al. 2005), heightening the need to understand the
connection between the two. As it is inherently dependent upon the geometry of the
corona producing the photons and the disc intercepting them, the reﬂection spec-
trumpresents theopportunityto inferchanges in the two componentsin comparison
to their own speciﬁc emission.
GX 339−4 is one of the most active transient systems, exhibiting numerous out-
bursts since its discovery (Markert et al., 1973), including four complete cycles
(with state-changes) in the past twelve years. As a result, GX 339−4 is one of
the most studied transient systems, and over the lifetime of RXTE (1995–2012) an
extensive archive of data has been amassed, allowing an unparalleled timeline to
investigate source variability with the same mission. Restricting to periods where
both the Proportional Counter Array (PCA; Jahoda et al. 2006) and High Energy
X-ray Timing Experiment (HEXTE; Rothschild et al. 1998) instruments were ac-
tive this presents three fully sampled outbursts to analyse. In addition, GX 339−4
is the best monitored BHXRB in the radio band, allowing a unique insight into the
outburst nature of transient systems. In this Chapter I examine how the X-ray re-
ﬂection evolves throughout these three outbursts, representing the largest study of
its kind to date.
4.2 Observations and Data Reduction
I performed spectral analysis using data from the PCA and the HEXTE onboard
RXTE. The data were reduced by Dr. Micka¨ el Coriat using the same procedure
described in §2.2.2.2. The data for the variability analysis (i.e. the RMS-Intensity
diagrams) were prepared by Dr. Teodoro Mun˜ oz-Darias following the method de-
scribed in §3.2.3.4
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Figure 4.1: The RXTE all-sky monitor light-curve of GX 339−4 covering the three outbursts analysed in this Chapter. Red (circles), green
(triangles) and blue (squares) correspond to the 2002, 2004 and 2007 outbursts respectively.114 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
Outburst Start (MJD) End (MJD) Total Observations (Exposure)
2002 52367 52784 133 (300 ks)
2004 53044 53514 202 (465 ks)
2007 53769 54379 193 (357 ks)
Total 528 (1122 ks)
Table 4.1: The dates and number of observations used in this study after the se-
lection criteria outlined in §4.3.2 were applied. The threshold for a dataset to be
analysed is deﬁned in §4.3.1, such that observations at low ﬂux (i.e. the periods of
quiescence) and of poor quality were ignored. Also listed is the respective amount
of observations and the subsequent total exposure time per outburst.
4.3 Fitting method
There are two signiﬁcant reasons I used archival RXTE observations for this study.
Firstly, the PCA (3–50keV) and HEXTE (25–200keV) instruments provide an out-
standing spectral bandpass. Although the Fe K line is the prominent feature of
X-ray reﬂection, it is ultimately just a fraction of the overall signal. When look-
ing for subtle effects, such as those due to strong gravity, the line proﬁle is a very
revealing signature. However, the poor spectral resolution of the PCA (∼1keV at
6keV) renders it insufﬁcient to attempt precise constraints on parameters such as
black hole spin. Instead, the large bandpass and effective area allows me to study
a much larger fraction of the reﬂection spectrum, including important signatures
such as the Compton hump and Fe edge, which characterise emission over a much
larger range. As a result of this, RXTE is much more sensitive to how the reﬂection
component is evolving than high-resolution missions such as XMM-Newton, which
is restricted to the 0.3–10keV band.
This leads on to the second signiﬁcant rationale, which is the unprecedented
number of observations that RXTE offers. In Chapter 3, which was a study of the
hard state of GX 339−4 limited to high-resolution XMM-Newton and Suzaku spec-
tra, I was restricted to just fourobservations. In thisChapter, however, thesampleof
the hard state amounts to nearly 350 observations. In total this investigation makes
use of more than 500 observations, totalling over 1.1Ms of PCA exposure time, al-
lowingoneof themost detailed investigationsto date ofhow the reﬂection spectrum
is evolving throughout an outburst (Table 4.1 and Figure 4.2). In particular, such
high cadence enables a scrupulous analysis of state transitions, which are typically
completed within one week.4
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Figure 4.2: Hardness-intensity diagrams of all the observations analysed in this Chapter. Left and right ﬁgures correspond to symbols
determined by outburst (Table 4.1) or spectral state (§4.3.3).116 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
4.3.1 The adopted model
ManyattemptshavebeenmadetoquantifyhowX-rayreﬂectionevolvesinBHXRBs,
but often they have employed phenomenological models focusing upon the Fe K re-
gion. Dunn et al. (2008) ﬁtted the Fe Kα emission with a single GAUSSIAN line
ﬁxed at 6.4keV, while Rossi et al. (2005) applied relativistic broadened emission
(LAOR; Laor 1991)with a smeared edge (SMEDGE; Ebisawaet al. 1994). Both offer
a useful diagnostic of the reﬂection; however, they only account for a small fraction
of the full reﬂection signal. Furthermore, while the latter may offer a more physical
interpretation of the Fe Kα line, the two components are still not physically linked.
Ultimately, to fully understand how the reﬂection component is evolving one must
apply a model where all the signatures are physically linked and accounted for.
Motivated by this, Reis et al. (2013a) recently applied the blurred reﬂection model
KDBLUR∗REFLIONX (Laor, 1991; Ross and Fabian, 2005) to an outburst of XTE
J1650−500. Although this presented a signiﬁcant improvement to previous works,
it only focuses upon one outburst of one source. Here I applied an angle-dependent
version of the reﬂection model XILLVER (Garc´ ıa and Kallman, 2010; Garc´ ıa et al.,
2011, 2013) to a much larger sample (Table 4.1). This model offers a signiﬁcant
improvement in the treatment of atomic processes over the more widely used RE-
FLIONX, and in addition includes a larger grid for the photon index and ionisa-
tion parameters (see Garc´ ıa et al. 2013 for a comparison). It should be noted that
REFLIONX represents an angle-averaged solution, hence neglecting the important
effect of inclination in the observed reﬂection spectrum (see e.g. Magdziarz and
Zdziarski, 1995; Matt et al., 1996; Garc´ ıa et al., 2014).
I accounted for interstellar absorption using the model PHABS with the NH ﬁxed
at 0.5×1022 cm−2, given that the hydrogen column density towards GX 339−4
is well resolved to be within the range (0.4–0.6)×1022cm−2 (Kong et al., 2000).
Since the low-energy cut-off of the PCA is at ∼ 3keV, the ability to constrain the
column freely was severely reduced, and I also note that the effect of this moderate
column above 3keV is small.
The remaining continuum was characterised by a combination of a multi-colour
blackbody(DISKBB; Mitsudaetal.1984)andComptonisedseedphotons(CUTOFFPL).
Recently it has been shown by Mu˜ noz-Darias et al. (2013) that relativistic effects
can strongly affect how the thermal emission is interpreted. However, such im-
pact is fairly weak at the low-moderate inclination GX 339−4 is expected to have
(Mu˜ noz-Darias et al. 2013 classify GX 339−4 as a ‘low inclination’ source, mean-
ing i<60◦), hence DISKBB should describe the thermal accretion disc emission suf-4.3 Fitting method 117
ﬁciently well. I modelled the Comptonised emission as a simple power-law with an
exponential cut-off. While more physical Comptonisation models exist, they ulti-
mately bring with them further complexity in ﬁtting the data at hand, and is beyond
the scope of this study, which is instead focused on reﬂection.
Another important consideration is the consistency between the ﬁtted continuum
and the spectral energy distribution assumed in the reﬂection model. The illuminat-
ing spectrum used in XILLVER assumes a power-law with a high-energy cut-off at
300keV, making CUTOFFPL thebestComptonisationmodeltomaintainconsistency
and allowing an accurate determination of relative ﬂux levels. When a smaller cut-
off was required I switched to an angular solution of XILLVER including a variable
cut-off for the illuminating spectrum, linking the cut-off in the Comptonisation and
reﬂection models. XILLVER also includes a low-energy cut-off at 0.1keV to prevent
the input spectrum being unphysically over-populated with low-energy photons. It
should be noted, though, that the reﬂection spectrum will also be inﬂuenced by
photons emitted in the disc (Ross and Fabian, 1993, 2007), and this is not currently
accounted for by XILLVER, nor is it in any other publicly available reﬂection model.
The disc photons will ionise the lighter elements, which will increase the ﬂux of the
reﬂection spectrum below ∼ 10keV. The spectrum will typically take the form of
a larger value of ξ, but see Ross and Fabian (2007) for a detailed analysis of the
effect of the accretion disc photons. Finally, I also applied the convolution model
RELCONV (Dauser et al., 2010) to account for any relativisticeffects. Thus the base
model applied to each observation is:
PHABS(DISKBB + CUTOFFPL + RELCONV∗XILLVER)
4.3.2 The ﬁtting procedure
By deﬁnition, transient BHXRBs spend the majority of their lifetime in a quiescent
state. GX 339−4 is somewhat of an exception to this, being one of the most active
of all transient systems, exhibiting four complete outbursts in the past twelve years.
Nevertheless, observations during periods of inactivity, or not reaching sufﬁcient
statistics through low count rates and short exposures, will require removal. For
an observation to be considered I required a PCA pointing with at least 1000 back-
ground subtracted counts. I ignore all data below 3keV (channels ≤ 4) and above
50keV (channels ≥ 83); however, the regions ≥ 20keV and ≥ 35keV must have a
minimum of 100 and 50 background subtracted counts respectively to be included.
Furthermore, these must amount to at least 10% of the total counts registered in that
region.118 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
Model Parameter Value Min Max
PHABS NH (1022) 0.5
DISKBB Tin 0.5 0.1 2
ND 1000 0 1e+10
CUTOFFPL Γ 2 1.2 3.4
Ec 50 10 300
RELCONV θ (◦) 45
rin (rg) 10 6 1000
rout (rg) 1000
q 3
a 0
XILLVER log(ξ) 2.5 1 4.5
θ (◦) 45
Table 4.2: A list of input parameter values and hard limits for the base model
applied to each dataset in this study. Parameters listed without limits indicate that
it was ﬁxed at that stated value. The input photon index in the XILLVER model
was linked to that of CUTOFFPL. I also assumed solar abundances and a single
power-law emissivity index (R−q) for the reﬂection.
Signatures of the reﬂection spectrum at hard X-ray energies, such as the Comp-
ton hump, offer a large signal in addition to the Fe K line. Additionally, the re-
ﬂection remains strong at high energies allowing greater constraint. Hence, this
underlines why I took such an approach to the upper-energy threshold of the PCA,
and similar criteria were therefore applied to the HEXTE to ensure adequate data
quality. I required that the combined HEXTE A and B cluster units, if both were
available (see §4.2), have a minimum of 1000 background subtracted counts. If this
was not the case then the observation was ignored regardless of the merit of the
PCA. I ﬁxed the lower energy limit to be 25keV and allowed the upper bound to
be 200keV; however, this was truncated to 100keV should there be less than 100
background subtracted counts above this threshold.
In the hard, and some hard-intermediate states, ﬁtting the disc was problem-
atic due to the low-energy cut-off of the PCA. Thermal emission from the disc in
the hard state has been uncovered in many sources using instruments extending to
softer energies (<1keV; see e.g. Di Salvo et al. 2001; McClintock et al. 2001;
Kolehmainen et al. 2014); however, the signal above 3keV was not sufﬁcient to
constrain the DISKBB parameters. For this reason, if Tin<0.1keV then DISKBB was
removed to ensure the analysis is reliable. In such cases the model is likely to be
ﬁtting some slight curvature in the Comptonised continuum or having a negligible4.3 Fitting method 119
effect. I also removed discs with Tin>2keV since temperatures are not expected to
reach such levels, especially for a low inclination source (see e.g. Dunn et al. 2011;
Mu˜ noz-Darias et al. 2013), and hence suggests an erroneous ﬁt. Additionally, the
normalisationvaluemustexceed 50 toﬂag any severedegeneracy withthedisctem-
perature, and should it be below this value then the disc model was removed. I note
that normalisation is of the order 103 in the soft state, where the disc is expected to
be at the innermoststablecircular orbit (ISCO), and should hence represent the low-
est values in the outburst. These criteria did not affect the soft and soft-intermediate
state observations, all of which retain the disc model within these criteria.
One of the free parameters of the reﬂection model XILLVER is the photon index
of the source illuminating the ionised slab (i.e. the accretion disc), of which the
tabulated range is 1.2–3.4. I linked this parameter to the CUTOFFPL photon index to
keep thetwocomponentsself-consistentusingthetabulatedrangeas thehard limits.
Previous studies of BHXRBs suggest this range should be sufﬁcient; however, it is
another motivation for me to use XILLVER instead of REFLIONX, which offers a
smaller grid of 1.4–3.3. The high energy cut-off (Ec) was allowed to be free within
the range 10 to 300keV; however, if the parameter reached <15keV or >250keV,
the cut-off was ﬁxed at 300keV for the remainder of the analysis. This prevents any
erroneous ﬁts and maintains consistency with the assumed illuminating spectrum
in the standard version of XILLVER. Only in the bright phase of the hard state was
a smaller high energy cut-off required, hence during this period I switched to a
larger grid of XILLVER which includes the high energy cut-off of the illuminating
spectrum as a ﬁtted parameter. In this case the parameter was linked between the
CUTOFFPL and XILLVER models to maintain consistency. I note that the values and
evolution of the high energy cut-off are consistent with that found by Motta et al.
(2009; see Figure 4.6 and §4.4.1 later in this Chapter).
Theotherkeyparametersin XILLVER aretheionisationparameter, ξ (see§1.4.1),
the iron abundance (which I assumed to be solar1), and the inclination angle of the
source. Theionisationparameterwasﬁttedwithintherangelog(1.0–4.5)andaﬁxed
inclinationof45◦ wasapplied, whichiswithintheconstraintsdiscussedin§1.6. The
value of 45◦ is also consistent with the value resolved using high-resolution data in
Chapter3.
The relativistic effects were modelled using RELCONV, for which the emissivity
1I took this approach since studies of chemical abundances in LMXBs have found metallicity
values consistent with solar (see e.g. Gonz´ alez Hern´ andez et al. 2011). In addition, with RXTE the
Fe abundance will be difﬁcult to constrain, thus ﬁxing it is necessary to ensure it does not create any
degeneracy in the ﬁts. I note as well that the Fe abundance should not vary over the timeline of this
study, therefore ﬁxing the value ensures consistency in the analysis.120 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
index q, deﬁned as R−q where R is the disc radius, was ﬁxed to be 3. While the
spectral resolution of the PCA (∼ 1keV at 6keV) allows moderately broad lines
to be detected, the more subtle effects of the emissivity proﬁle cannot be resolved,
thus the Newtonian value of 3 is a reasonable assumption for this study. I did,
however, allow the inner radius to be ﬁtted freely from the ISCO (6rg) up to the
largest tabulated value of 1000rg. The outer radius of the disc was ﬁxed to be
1000rg and the black hole was assumed to have zero spin. The effect of the latter
is rather trivial given the resolution of the PCA and is nevertheless not a signiﬁcant
concern given that the relativistic effects are not the main focus of this Chapter (see
instead Chapters3 and 5). Finally, the inclination was ﬁxed at 45◦ to be consistent
with the reﬂection model.
Comparing relative ﬂux levels can be hampered by the chosen energy band,
hence all ﬂuxes were extrapolated using CFLUX and ﬁtted in the 0.1–1000keV band
unless otherwise stated. As an example, Comptonised photons reprocessed in the
cool disc may be down-scattered to energies below the RXTE bandpass, hence ex-
trapolating the ﬁt ensures that the truest extent of the spectrum is being measured.
The lowerlimitwas chosen to ensure that there is not an unphysicalover-population
of photons in the cut-off power-law model, which is particularly a problem when
the photon index is large (Γ>2). The illuminating spectrum in the reﬂection model
also assumes a low-energy cut-off of 0.1keV to tackle this problem, hence I was
therefore keeping the two models consistent by imposing this limit.
To deal with such a vast dataset I ﬁt each observation through an automated
routine, therefore Table 4.2 lists the input parameter values applied to the adopted
model. The XSPEC version 12.8.0 was used, and all quoted errors are at the 90%
conﬁdence level unless otherwise stated. Throughout the study I applied ﬁducial
values of 10M⊙ and 8kpc for the black hole mass and distance to GX 339−4
respectively.
4.3.3 Deﬁning spectral states
Inordertoseparateeach observationintospectral statesIusedacombinationoftim-
ing and spectral characteristics. While the hard and soft states are easily discernible
via their spectra in the PCA bandpass, the intermediate periods are qualitatively
alike. Mu˜ noz-Darias et al. (2011) studied the relation between the RMS amplitude
of the variability and ﬂux (Figure 4.3), uncovering marked changes in the transition
between states in the three outbursts of GX 339−4 used in this study. The rising
hard state follows a distinctive ‘hard track’ of increasing RMS and ﬂux, with a4
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Figure 4.3: RMS-intensity diagrams of the three outbursts of GX 339−4 featured in this study. The dotted lines represent fractional RMS
levels. Left: Symbols are colour-coded by outburst and plotted linear-linear to view the entire outburst. Right: The same data with a log-log
scale to focus upon the rise (blue) and decay (red) of the hard state. The ‘adjacent hard line’ (AHL) signiﬁes the return to the hard state, and
the SIMS(-A) and soft state observations are plotted as grey points for clarity.122 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
fractional RMS of 30–40%. Transition into the HIMS occurs as the RMS lessens
whilst the ﬂux continues to rise. A further signiﬁcant decrease in RMS marks the
SIMS, which I deﬁned as the region with <10% fractional RMS.
The soft-state is characterised again by a sudden decrease in RMS, and deﬁned
here by a fractional RMS of <5%. However, there existsa group of harder observa-
tions (X-ray colour >0.175; Figure 4.4) at low variability. I note as well that these
points lie typically at a slightly higher fractional RMS than the least variable soft-
state points. The state classiﬁcation for these observations is not straightforward
since they share properties associated to both SIMS and soft state (see e.g. Bel-
loni et al., 2005, 2011). Nevertheless, I deﬁne these points as SIMS-A since many
show type-A quasi-periodic oscillations (QPOs), which is in contrast to the normal
SIMS (5<RMS<10) where type-B oscillations are observed (Motta et al., 2011).
Interestingly, the SIMS-A lie off the standard luminosity-temperature relation es-
tablished by the soft state (§4.4.4). I do note, however, that the 5% line separating
the soft and SIMS should be taken with caution since, for example, fast transitions
occurs at this stage of the outburst, leading to hybrid observations (Mu˜ noz-Darias
et al., 2011). To this end, some of the SIMS points may be part of the soft state,
which seems apparent in Fig. 4.4 (see also §4.5.2), but I continued with the 5%
RMS line in order to have a simple and deﬁnitive criteria to separate the states. To
determine the HIMS to hard state transition I used the ‘adjacent hard line’ (AHL)
described in Mu˜ noz-Darias et al. (2011), whereby the decay phase of the hard state
displays a clear track in the RMS-intensity diagram. This is indicated by the red
circles in the lower plot of Figure 4.3. The transition is not so clear if one attempts
to determine it by X-ray colour (Figure 4.2), and thus demonstrates the importance
of timing characteristics in determining the state of the system.
4.4 Analysis and results
4.4.1 The Comptonised emission
In Figure 4.5 I display how the photon index Γ evolves with the total unabsorbed
luminosity. The shape is remarkably similar to the HID (Figure 4.2), and indicates
well how the hardness of the X-ray spectrum is not solely due to the inﬂuence of
the thermal emission from the accretion disc. The blue points in Figure 4.5a mark
the hard state, whereby Γ mainly lies in a narrow range of 1.5–1.7, and appears to
remain rather constant despite the hard state spanning over two orders of magnitude
in luminosity. However, Figure 4.5b separates the periods of rise (blue) and decay4.4 Analysis and results 123
Figure 4.4: Fractional RMS versus spectral hardness displaying how the interme-
diate and soft spectral states were determined (§4.3.3). The SIMS-A are a cluster
of points with low variability (fractional RMS <5%) and a relatively high spectral
hardness (>0.175%), which I propose as a distinct spectral state (see §4.3.3 and
§4.5.2). The hard state was determined by the RMS-intensity relation (Figure 4.3).
(red), and displays quite clearly that above LX ∼ 1037.5 Γ tends to become softer
as the source rises up the hard track, consistent with an increase in seed photons to
cool the corona (see Done et al. 2007 and references therein). Furthermore, as the
source reaches the hard state in decay the photon index is clearly softer than the rise
at that luminosity, appearing to retain a softer slope towards quiescence (although
see also Stiele et al. 2011). At the lowest luminosities the rise also appears to be
softer (see also Sobolewska et al. 2011); however, as a result of the data selection
criteria, only two points lie at LX<1036.5 limiting any strong conclusions that can
be made.1
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Figure 4.5: The total source luminosity plotted against the power-law photon index Γ. Left: Points coloured by their respective state. Right:
The same diagram, however, the soft state, SIMS and SIMS-A observations are now grey, with the HIMS and hard state separated according
to the rise or decay phase of the outburst. Observations are plotted randomly to avoid any visual bias. The y-axis is plotted in units of erg s−1.4.4 Analysis and results 125
During the state transition the photon index undergoes very distinct softening,
eventually reaching Γ ∼ 2.5. In fact, the bulk of the evolution appears to take
place in the HIMS, rather than the SIMS, which itself is consistent with the val-
ues recorded in the soft state. The soft state shows some scatter (2.4–2.9), but is
ultimately dominated by large conﬁdence intervals due to the diminished signal in
the hard band. The SIMS-A are also typically steeper than the SIMS (see also Table
4.4). The decay phase (Figure 4.5b) displays clear hardening as the source makes
its way through the soft-hard transition. In Figure 4.5 I plot Γ against the total lumi-
nosity calculated between 0.1 and 1000keV, which accounts for the non-negligible
disc ﬂux below 3keV, therefore displaying the source decay through the transition
not so apparent in the3–10keV HID (Figure 4.2). Thisthen serves to exhibitclearly
how the source hardens monotonically with luminosity towards the hard state.
Throughout this investigation, I model the Comptonised emission with a cut-
off power-law ﬁxed at 300keV, in order to remain consistent with the assumed
illuminating spectrum in the reﬂection model (Garc´ ıa et al., 2013). However, as
part of my routine, I initially allowed the high energy cut-off to be a free parameter
as it has been shown to be signiﬁcantly lower in the brighter phases of the hard
state and subsequent transition (Motta et al., 2009). I allowed the cut-off to be free
within the range 10 to 300keV; however, should it converge on a value lower than
15keV, or higher than 250keV, respectively, I deemed the ﬁt to be in error and ﬁx
the parameter to be 300keV. I took this action because below 15keV the cut-off
tended to be ﬁtting the curvature of the disc component, rather than the power-law.
Above 250keV the effect of the cut-off becomes insigniﬁcant due to the upper limit
on the bandpass of the HEXTE instrument (100 or 200keV; §4.3.2).
In Figure 4.6 I plot the time-evolution of the high energy cut-off in the 2002 and
2007 outbursts. No cut-off was resolved in any of the 2004 observations; however,
the transition luminosity in this outburst was lower than any of the 2002 and 2007
observations which did. Time-zero in Figure 4.6 marks the ﬁrst observation where
the cut-off was determined freely and displays a gradual decrease in energy as the
source continues its rise through the hard state. All observations intermediate to
the respective ﬁrst and last resolved observation in Figure 4.6 were able to ﬁt the
parameter freely. Furthermore, the ﬁnal three observations in each outburst took
placeintheHIMS,conﬁrmingthistrendcontinuesintothestatetransition. Thehigh
energy cut-off is thought to represent the temperature of the electrons in the corona,
hence meaning the power-law emission symbolises thermal Comptonisation. The
softening of the photonindex and decreasing high energy cut-off are both consistent
with increasing amounts of seed photons cooling the corona.126 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
Figure 4.6: Evolution of the high energy cut-off with time. Zero marks the ﬁrst
observation where the cut-off was detected (MJD 52372 and 54122 for the 2002
and 2007 outbursts respectively). No cut-off was resolved in the 2004 outburst
observations.
The trend I have found is very consistent with that found by Motta et al. (2009)
using the same datasets; however, they resolve the cut-off over a longer period than
us all the way into the soft state. In this study I am more focused on the reﬂection,
hence to maintain a reasonable timescale for the ﬁtting routine I did not apply such
stringent and detailed criteria for detecting the cut-off, hence I refer the interested
reader to the work of Motta et al. (2009) for a more in depth study of the cut-off.
4.4.2 The reﬂection fraction (RF)
The illumination of the disc by Compton up-scattered photons gives rise to the re-
ﬂection spectrum, thus one would expect the two components to follow a relatively
linear relationship. As an example, increasing the total of Comptonised photons by
a factor of two should lead to the same doubling of the power-law ﬂux we observe,
and that irradiates the disc, assuming the geometry remains constant. Therefore, in
such a case the reﬂected emission will double as well. Ultimately the situation is
not that simple as the surface layers of the disc will also respond to the change, for
example by becoming more ionised, which may in turn affect the albedo (but see4.4 Analysis and results 127
Figure 4.7: This ﬁgure displays how the power-law and reﬂection components
evolve in outburst via their respective ﬂuxes. Both scales are identical and the
solid line indicates one-to-one quantities. Top: Numbered arrows illustrate how
the source progresses throughout the plot in outburst. For clarity I only plot con-
ﬁdence limits for the 2007 outburst in this ﬁgure. Bottom: These plots focus on
speciﬁc states of the outburst with dotted lines representing the best-ﬁt to the high-
lighted observations, such that log10SPL = αlog10SRef+c. Left: The rising phase
of the hard state, separated into observations with a power-law ﬂux less than (blue
circles) or greater than (red triangles) 10−8 erg s−1cm−2 respectively. Middle: The
decaying phase of the outburst (towards quiescence). Right: SIMS and SIMS-A
points, ﬁtted together. Errors on the ﬁtted slope are stated at the 1σ conﬁdence
level. Each axis is displayed in units of erg s−1cm−2.128 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
§4.4.5). Nevertheless, it serves as a useful example of how the power-law and re-
ﬂected emission should evolve somewhat identically if the accretion geometry does
not vary. Alternatively, if the two components do not evolvein a one-to-one manner
then there is a considerable chance that the geometry is changing. Thus, observing
how these two components evolve together presents a very powerful diagnostic to
reveal the underlying accretion dynamics in outburst.
I found that indeed the power-law and reﬂection are very well correlated, form-
ing strong positive correlations throughout each spectral state (Table 4.3). Here I
deﬁne the reﬂection fraction (RF) as the ratio of the reﬂection to the Comptonised
ﬂux, such that RF = 1 corresponds to an equal quota of both components. Figure
4.7 details the evolution of the two elements throughout the three outbursts studied,
with the ﬁve principle states colour-coded. The hard state (blue circles) lies exclu-
sively below the solid line indicating RF = 1, thus the hard state Comptonised ﬂux
always dominates the reﬂection. The ﬁtted slope to the rising hard track is ∼ 1.5;
however, it indicates two distinct regions, hence I instead separate the rising hard
stateinto observationsaboveand belowa power-lawﬂux of 10−8 erg s−1cm−2 (Fig-
ure 4.7b). At lower luminosities (‘faint hard state’) the slope is 1.16±0.05, thus
signifying a gradually increasing reﬂection fraction as the total source ﬂux rises.
Here the mean reﬂection fraction is ∼0.2. The track of the ‘bright hard state’ is
much steeper (1.65±0.06), marking a clear increase in the rate of increase of the
reﬂection fraction, which itself reaches values up to 0.6. I note that whilst this is
coincident with the period where the high energy cut-off was ﬁtted below 300keV
(§4.4.1), this should not be behind this effect as the reﬂection spectrum includes
the same cut-off in the illuminating spectrum it is calculated from. In addition, I ﬁt
the decay phase of the hard state as the source returns to quiescence (Figure 4.7c),
for which the slope is consistent with the ‘faint’ regime of the rise (1.16±0.05 vs
1.21±0.06), thus suggesting that the underlying changes responsible for the evo-
lution in the reﬂection fraction are consistent whether the source is at the onset or
end of the outburst. To summarise, I found that there is a substantial increase in the
reﬂection fraction as the overall source ﬂux rises, although it remains less than one
throughout the hard state.
The HIMS points (green triangles) are situated almost entirely at larger RF than
those of the hard state. Furthermore, they are typically close to RF = 1. There are,
however, two clusters of points from the hard-soft branch due to the lower ﬂux of
the transition in the 2004 outburst. The soft-hard branch (Sreﬂection ∼ 10−8.5 erg
s−1cm−2) leads gradually, but directly, on to the hard track, suggesting that4
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Spearman’s Rank Correlations For Various Fitted Parameters
Parameter Hard State HIMS SIMS SIMS-A Soft State
1 2 ρ p-value ρ p-value ρ p-value ρ p-value ρ p-value
Spowerlaw Sreﬂection 0.938 0 0.871 8.41×10−13 0.916 4.90×10−13 0.900 4.17×10−10 0.735 1.27×10−14
Spowerlaw Sdisc – – 0.710∗ 3.39×10−8∗ 0.694 1.52×10−5 0.839 8.40×10−8 0.474 1.04×10−5
Sreﬂection Sdisc – – 0.731∗ 7.79×10−9∗ 0.601 3.52×10−4 0.653 3.02×10−4 0.438 5.43×10−5
RF Sdisc – – -0.528∗ 1.64×10−4∗ -0.701 1.13×10−5 -0.825 2.17×10−7 -0.361 1.07×10−3
Table 4.3: A list of Spearman’s rank correlations (ρ) and the the corresponding false correlation probability (p-value) calculated for the ﬂux
determined in each model in the ﬁve principle spectral states.130 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
the process in decay is progressive rather than sudden. The SIMS(-A) points lie at
larger RF to the HIMS in the hard-soft transition (those at higher ﬂuxes), continu-
ing the general rise observed so far throughout the states (see also Table 4.4). The
soft state itself is almost entirely consistent with a RF>1, meaning that the reﬂec-
tion is now dominant over the Comptonised component. There is, however, a lot of
scatter, and large conﬁdence limits due to the customary reduced signal in the hard
band, thus the slope of the soft state decay can only be ﬁtted when the 2002 out-
burst is excluded, but nevertheless this conﬁrms that the RF increases as the source
decays (α = 0.49±0.17). The soft state also tends to show signiﬁcant variations
in variability and spectral hardness throughout its decay (see Figures 4.2 and 4.3),
and thus makes several forays into the SIMS and SIMS-A between state transitions.
The best-ﬁt to the SIMS and SIMS-A observations yields a slope of 0.73±0.07
(Figure 4.7d), representing a growing domination of the reﬂection component over
the Comptonised emission as the source decays, consistent with the evolution of the
reﬂection and power-law in the soft state. The RF is a proxy for the EW of the Fe
line, hence this agrees with the soft-state X-ray Baldwin effect2 previously reported
in GX 339−4 (Dunn et al., 2008).
4.4.3 Contrasting emission in spectral states
In Figure 4.8 I display how the X-ray spectrum evolves throughout each spectral
state, whilst in Table 4.4 I calculate the mean parameter value accordingly. In the
rising hard state a disc model was never required, whilst the Comptonised emission
is hard and clearly the dominant source of emission. The Fe line proﬁle is often
narrow and the high-energy cutoff is clearly visible in the plotted spectrum. Transi-
tion to the HIMS marks increases in the power-law slope, ionisation parameter and
reﬂection fraction. Thermal emission from the disc is now clearly present; however,
it remains the weaker of the three spectral components and only dominates below
∼ 3keV.
Into the SIMS there is a distinct softening, in part due to a further increase of Γ.
Thediscisnowmuch stronger, dominatingupto ∼6–7keV, and isthelargest source
of emission. A broad Fe line is now regularly observed and the ionisation stage is
considerably higher than in the hard state. In addition, reﬂection and Comptonised
emission are roughly equal. The SIMS-A is only subtly different from the SIMS,
2Baldwin (1977)discoveredthat the EW of the C-IV line decreased as the ultraviolet luminosity
increased in a number of AGN. A similar X-ray Baldwin effect has been found in AGN (Iwasawa
and Taniguchi, 1993; Nandra et al., 1997; Bianchi et al., 2007).4.4 Analysis and results 131
Figure 4.8: Unfolded spectra (top) and data-model residuals (bottom) for the eight
states listed in Table 4.4. The disc, cut-off power-law, reﬂection and total models
are displayed by blue, green, red and black lines respectively. The data is also
plotted as black open circles. Each vertical scale is equivalent to best display how
the spectrum evolves in outburst. Areas where the model overlap and appear to
disagree are due to the calibration constant between the PCA and HEXTE instru-
ments. The data-model residuals are plotted in terms of sigma, such that each error
bar has a value of one sigma.132 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
the most marked difference being a slightly softer Γ (see also Figure 4.5). Typically
the total ﬂux is larger, in fact the SIMS-A represents the peak luminosity for two
of the three outbursts in this study. Table 4.4 suggests that this increase is due to
greater ﬂux from the power-law and reﬂection, rather than the disc (see also Figure
4.7d to compare power-law and reﬂection ﬂux between the SIMS and SIMS-A).
The soft state represents the relative peak of the thermal disc emission, which
now dominates the spectrum up to 10keV. The reﬂection ﬂux is signiﬁcantly larger
than that of the power-law, which itselfdecreases substantiallyas the source decays.
Regardless of this, the disc inner radius is often poorly resolved due to the thermal
disc emission being highly dominant at 6keV (see also Kolehmainen et al. 2011).
As the source decays through the intermediate states the spectral characteristics are
similar to the rise, albeit at a lower luminosity. The cooler disc does, however,
contribute a much larger portion to the overall ﬂux, and the reﬂection fraction is
typically larger. The ionisation stage remains relatively unchanged, and the inner
radius is once again well resolved. Finally, the decay phase of the hard state is much
like the rise, described by a hard spectrum and a return to a low reﬂection fraction
and ionisation.
4.4.3.1 The disc inner radius and the ISCO
The disc inner radius is again poorly determined (a larger error) in the hard state,
which is likely due to the reduced Fe line signal during low reﬂection fractions.
At this stage of the outburst the line is also expected to be narrow (Kolehmainen
et al. 2014; Chapter 3; but see also Reis et al. 2010), hence making limits on the
relativistic broadening difﬁcult with the energy resolution of the PCA (∼ 1keV at
6keV). It is interesting to note, however, that there is less scatter in the inner radius
ﬁtted during the HIMS and SIMS(-A), both in rise and decay, suggesting that the
parameteris being well resolved. Furthermore, the mean valueis similarthroughout
(30–50rg; Table 4.4) which would indicate that there is no signiﬁcant change in the
disc through these states.
Theinnerradiusisknownto beverydegeneratewiththeinclination,whichisnot
well known for GX 339−4 (see §1.6), thus I cannot rule out that the inner radius is
smaller and represents the ISCO. However, the assumed inclination is very similar
to that ﬁtted in Chapter 3 in a study of the hard state of GX 339−4 with XMM-
Newton and Suzaku, allowing a direct comparison. In Figure 4.9 I plot the ﬁtted
inner radius against source luminosity using only well constrained values (limits
less than the parameter value) and include the values found in Chapter 3. Clearly4.4 Analysis and results 133
Figure 4.9: The ﬁtted inner radius parameter plotted against the total model lu-
minosity for the intermediate states. I restrict the sample to ensure the parameter
was well constrained: both the upper and lower error of the inner radius must be
less than the value of the ﬁtted inner radius, which itself must not be at the hard
limits of 6rg or 1000rg. For comparison I plot the hard state results from Chap-
ter 3 (Figure3.10) where I applied the same reﬂection model and a very similar
inclination value (42.1◦ vs 45◦) to higher-resolution data. The HIMS, SIMS and
SIMS-A appear to represent a stable inner radius, while in the hard state the disc
is truncated.1
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Mean Parameter Value Per Spectral State
Parameter HS(Rise) HIMS(Rise) SIMS(Rise) SIMS-A HSS SIMS(Decay) HIMS(Decay) HS(Decay)
Tin – 0.86±0.09∗ 0.76±0.07 0.82±0.08 0.79±0.09 0.67±0.04 0.65±0.08∗ –
ND – 958±474∗ 2430±645 1870±219 3249±194 2159±678 1101±641∗ –
Γ 1.60±0.06 2.22±0.30 2.57±0.09 2.71±0.12 2.60±0.14 2.55±0.10 2.53±0.22 1.76±0.24
rin (rg) 255±358 101±259 44±17 47±32 177±298 50±44 28±12 416±449
log(ξ) 2.75±0.52 3.44±0.23 3.40±0.04 3.48±0.25 3.26±0.20 3.42±0.09 3.40±0.20 2.33±0.69
Mean Model Luminosity (1037 erg s−1)
Power-law 7.23±6.20 24.4±15.8 8.50±8.39 21.6±14.4 4.98±4.34 2.63±1.99 2.04±1.07 1.79±1.34
Reﬂection 2.13±2.78 15.6±8.15 9.22±4.58 21.5±14.3 7.93±4.72 4.61±1.81 4.82±2.97 0.39±0.45
Disc – 8.84±4.88∗ 13.6±5.73 14.5±5.40 21.4±4.72 7.28±3.64 2.53±1.06∗ –
RF 0.23±0.10 0.81±0.56 1.42±0.66 1.16±0.48 2.43±2.22 2.12±0.75 4.00±4.70 0.20±0.13
Table 4.4: The mean value for a number of interesting parameters calculated for each spectral state. The errors represent the standard deviation
and are thus only meant as an indication of accuracy.
∗Calculated using only observations requiring a disc model.4.4 Analysis and results 135
the HIMS and SIMS(-A) are associated with an inner disc closer to the black hole
during the intermediate states, while this ﬁgure again indicates the consistent radii
recorded throughout this stage. To compare, the inner radius derived from the nor-
malisation of the DISKBB model is 4.19±0.13rg in the soft state for the same
inclination.
4.4.4 The luminosity-temperature relation
The model I used to ﬁt the thermal component was DISKBB (Mitsuda et al., 1984),
which is parameterised by the apparent inner radius of the disc rin and the peak
temperature Tin. As discussed in §1.2, assuming that fcol does not vary, the Ldisc ∝
T4
in relation can be used to test whether the inner radius of the accretion disc remains
constant.
In Figure 4.10 I plot the observed bolometric disc luminosity versus the inner
disc temperature for observations with an X-ray colour (S6−10/S3−6) less than 0.5.
Throughoutall thestates thiscorrespondsto 167 ofthe528observationsusedin this
study. Figure 4.10a plots the soft state and SIMS-A observations (red and orange
respectively) with the solid line representing the expected Ldisc ∝ T4
in relation and
normalised to coincide with the soft state points, displaying a good match (ﬁtted
relation: Ldisc ∝ T 4.13±0.04
in (1σ)). The SIMS-A observations also appear to follow
a similar, albeit marginally steeper, slope (ﬁtted relation: Ldisc ∝ T 4.68±0.18
in (1σ));
however,theylieonadifferentplanecorrespondingtoahighertemperatureorlower
luminosity. The standard SIMS observations ﬁt an even steeper slope of 5.64±0.19
I investigated the observations coeval to the SIMS-A and found that generally a
combination of both factors led to the change. Since Ldisc = 4πr2
inσT4
in this would
in either case require a reduction in the inner radius of the disc, a process that
is unlikely given that the soft state is expected to represent the innermost stable
circular orbit being reached (see the discussion in §1.3.1). Furthermore, Figure
4.10b displays each observation by X-ray colour indicating that there is a trend with
spectral hardness which continues even into the hard state. A more likely scenario
is an increasing fcol, hence the dotted lines in Figure 4.10a represent factors 1.1, 1.2
and 1.3 times larger, making the SIMS-A consistent with a moderate modiﬁcation
(see also Dunn et al. 2011). Curiously, however, I note that the power-law emission
is consistently larger and the reﬂection fraction generally weaker than the soft state
(Figure 4.7), even though the SIMS-A observations are distributed fairly evenly
among the range of luminosity the soft state exhibits (Figure 4.2). I examine the
SIMS-A further in the discussion (§4.5.2).1
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Figure 4.10: The inner disc temperature versus unabsorbed bolometric disc luminosity (0.01–1000 keV). Left: Soft state (red) and SIMS-A
(orange) observations. The solid line indicates the Ldisc ∝ T4
in relation which is clearly well ﬁt by the soft state points, while in the SIMS-A the
source appears to follow a similar track but at a higher temperature (or lower disc luminosity). The dashed lines indicate increased spectral
hardening for factors 1.1, 1.2 and 1.3 larger than the solid line respectively. Right: All disc detections below a hardness of 0.5 are plotted, with
the colour scale representing the respective X-ray colour (6–10keV / 3–6keV) of the observation. The solid line again indicates the Ldisc ∝ T4
in
relation revealing there is a clear drop-off with spectral hardness (see also Dunn et al. 2011). Both ﬁgures include errors bars but these are
typically smaller than the plotted symbol.4.4 Analysis and results 137
4.4.5 The ionisation parameter
Given the large variation in luminosity as the source progresses through each out-
burst, it is expected that the ionisation of the disc surface layers should vary too,
since by deﬁnition the ionisation parameter is a function of the ﬂux illuminating the
disc (Eq. 1.8). In Figure 4.11 I plot how the ionisation parameter evolves through-
out the outburst using darker colours to represent increased ionisation. There is a
large degree of scatter; however, this is not surprising given that this is determined
from the soft bandpass and the PCA is limited to >3keV and in spectral resolution
(but see§4.5.3). Nevertheless, itis easily distinguishablethat thesoftstategenerally
corresponds to a higher level of ionisation than the hard state.
This is initially quite surprising as the hard state is typically deemed to represent
the prime of the Comptonised emission; however, as I have shown in Figure 4.7, the
power-law ﬂux remains signiﬁcant in the soft state. While this can account for the
consistently high level of ionisation throughout the outburst, it still fails to account
for soft state recording higher values. I discuss two explanations for this in §4.5.4:
the effect of thermal emissionand inner disc truncation. The high level of ionisation
maintained throughout the outburst will mean that the reﬂection albedo is always
high and will not vary much (Ross and Fabian, 1993; Zycki et al., 1994).
I also note that at the onset of the hard state during the soft to hard transition
the ionisation parameter appears to be at its weakest. This is, however, the region
where the routine can no longer suitably constrain the emission from the accretion
disc, and thus removes the DISKBB model. There is, however, a sufﬁcient amount
of thermal emission remaining above 3keV at this stage, hence the reﬂection model
may be accounting for this excess by reducing the ionisation parameter. I therefore
disregard any conclusion that can be made from the ionisation parameter during
this phase. Once the standard hard track is reached the ionisation returns to a higher
level coincident with the rising phase.
4.4.6 Links to compact jets
In the hard state sources always display steady jet emission at GHz frequencies.
Furthermore, the X-ray and Radio luminosities appear to be inherently linked, fol-
lowing a non-linear correlation of LX ∝ Lb
R, where 0.6<b<0.7 (Corbel et al. 2003;
Gallo et al. 2003; Corbel et al. 2013a; but see also Coriat et al. 2011; Gallo et al.
2012). RecentlyCorbeletal.(2013a)reportedalongcampaignofquasi-simulatenous
X-ray and Radio observations with RXTE and the Australia Telescope Compact Ar-138 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
Figure 4.11: Evolution of the ionisation parameter throughout the HID. The
colour scale represents increased ionisation with darker colours, hence in the soft
state the disc is much more ionised. The units of the ionisation parameters are
ergcms−1.
ray (ATCA). This represents the largest sample for a stellar mass black hole, and 32
of these radio observations are coincident (less than 2 days separation) with the data
analysed in this Chapter. I therefore investigated how the 8.6GHz ATCA observa-
tions correlate with the results of this investigation.
Both the power-law and reﬂection are well correlated (positively) with the radio
luminosity. The power-law correlation coefﬁcient is 0.771, with a false probability
of 2.5×10−7 and best ﬁt slope of b = 0.62±0.01, agreeing excellently with Corbel
et al. (2013a). Since the power-law dominates the total ﬂux in the hard state this
agreement is not surprising. The reﬂection is similarly correlated with a coefﬁcient
of 0.664 and a 3.5×10−5 chance of a false probability. Reﬂection also reﬂects a4.5 Discussion 139
Parameter 1 Parameter 2 ρ p-value
Sradio Stotal 0.765 3.38×10−7
Sradio Spowerlaw 0.770 2.54×10−7
Sradio Sreﬂection 0.664 3.47×10−5
Sradio Fractional RMS -0.315 0.0793
Sradio ξ 0.279 0.122
Sradio RF 0.201 0.270
Sradio Γ -0.013 0.946
Table 4.5: A list of Spearman’s rank correlations (ρ), and the corresponding false
correlation probability (p-value), calculated for the 8.6GHz radio ﬂux densities
listed in Corbel et al. (2013) against ﬁtted parameters in this study.
similar relation with the radio luminosity, ﬁtting a slope of b = 0.61±0.02. Corre-
lations between the radio luminosity and other interesting parameters are listed in
Table 4.5.
4.5 Discussion
In this work I have utilised three outbursts of GX 339−4 to systematically uncover
the spectral evolution of black hole binaries. In particular I focus upon the repro-
cessed reﬂection spectrum revealing marked changes in the reﬂection, often not in
tandem with the Comptonised emission. As I will discuss now, the most likely
explanation for this is distinct evolution of the accretion geometry.
4.5.1 The overall picture
In Figure 4.7 I display how the Comptonised and reﬂection emission co-evolve as
the outburst progresses. In the hard state (1) the power-law is typically responsible
for 5 times more ﬂux than the reﬂection (RF ∼ 0.2); however, as the source rises
the reﬂection fraction increases, yet always remains below 1. On the other hand,
the soft state lies in the main above unity, thus signifying larger levels of reﬂection
than power-law. Furthermore, as the source decays the reﬂection fraction appears
to continue increasing. What makes this interesting is that for a stable geometry
the two should vary in tandem as the Comptonised emission feeds the reprocessing
observed as the reﬂection spectrum. Therefore, evolution is a signal of changes in
the accretion geometry.
Figure 4.12 illustrates two such transformations that can lead to the observed cy-140 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
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Figure 4.12: An illustration of how geometrical evolution will lead to contrasting
changes in the Comptonised and reprocessed emission, and notably an increase in
reﬂection fraction. Hard State (blue): The reﬂection fraction can be increased by
decreasing the inner radius of the accretion disc. For a stable corona this model
increases the solid angle subtended by the disc, thus increasing the photons in-
tercepted and reprocessed ﬂux. The Comptonised emission meanwhile remains
constant. This interpretation suits the hard state well, where the reﬂection fraction
is low, consistent with the small solid angle of a truncated disc, but gradually in-
creases as the source rises. Soft State: If the scale height of the corona decreases,
the portion of Comptonised photons intercepted by the accretion disc will increase,
leading to increased reprocessing and thus reﬂection ﬂux observed at inﬁnity. In
addition, the lower height will lead to stronger relativistic effects, ultimately focus-
ing more Comptonised photons on to the disc, and in particular the inner regions.
As well as heightened reﬂection, the Comptonised ﬂux will also decrease as a
consequence of the increased anisotropy of the emission. Similar results can be
formed with alternative modiﬁcations of the corona that ultimately lead to irradia-
tion from a lower mean height. I discuss these models in more details in §4.5.1.4.5 Discussion 141
cle portrayed in Figure 4.7. The truncated disc model has become a popular means
to describe the observed characteristics of the hard state, such as the hard spec-
trum and low reﬂection fraction (see Done et al. 2007 for a review and references
therein). As the inner radius of the accretion decreases, the solid angle it subtends
beneath the illuminating corona increases. More photons are thus intercepted lead-
ing to increased reprocessing and reﬂected ﬂux. In turn, the amount of soft photons
entering the corona will increase as the disc moves further towards the black hole,
leading to cooling of the hot electrons, which is observed through a softer photon
index and high energy cut-off (Figures 4.5 and 4.6).
Beloborodov (1999) proposes an alternativeexplanation for these trends through
a ‘dynamic corona’, whereby bulk motion of the emitting plasma reduces the irra-
diation of the disc. Even with a disc at the ISCO this regime can yield the small
reﬂection fractions observed in the hard state, whilst the beaming will also suppress
the soft seed photons, hence retaining a hard spectrum (Γ ∼ 1.6). I, however, ob-
serve that both RF and Γ increase as the source rises through the hard and into the
intermediate states (see §4.4.1 and §4.4.2), which would thus require a decreasing
bulk motion. This would appear at odds with the favoured internal shocks model
outlined in Fender et al. (2004), whereby the jet velocity increases with luminos-
ity/state. Given that there is no deviation from the observed trends in RF and Γ
would suggest that the illuminating medium remains consistent as well. Further-
more, the same process ruling RF and Γ is present in the decay of the hard state,
whereby they both decrease as thesource fades (RF ﬁtted slope1.21±0.06), thusin
the dynamic corona regime the jet velocity should systematically increase leading
to bright radio ﬂares. The reality is, however, that such ﬂares have only been ob-
served in the rise (Fender et al. 2004, see also Corbel et al. 2013b), thus I therefore
propose the truncated disc model as the favoured interpretation. The high resolution
observations analysed in Chapter 3 also conﬁrm that the inner disc radius is trun-
cated and decreases with increasing luminosity in the hard state. The lower values
for the ionisation parameter recorded in the hard state also agree with a truncated
inner disc (see §4.5.4). The reﬂection fraction is also almost identical both in mag-
nitude and evolution during the rise and decay (stages 1 and 4) of the hard state
(compare Figures 4.7b–c), which argues strongly for an identical dynamic in and
out of quiescence.
In contrast, the reﬂection dominates the Comptonised emission in almost all
of the soft state observations (RF >1). Furthermore, as the decay progresses the
reﬂection fraction appears to increase. The scatter in ﬂux due to the reduced hard
band signal in the soft state makes ﬁtting the trend difﬁcult; however, if the 2002142 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
outburst is excluded, a slope of α = 0.49±0.17 is resolved (where log10SPL =
αlog10SRef +c). In addition, ﬁtting the SIMS and SIMS-A observations, which
track the decay quite well (Figure 4.2), reveals a similar relationship (α = 0.73±
0.07). The decay of the disc luminosity ﬁts the expected Ldisc ∝ T4
in relation well,
hence the inner disc radius is without any reasonable doubt stable in the soft state
(see §4.4.4 and also Gierli´ nski and Done 2004; Steiner et al. 2010; Dunn et al.
2011), thus the same mechanism as the hard state can be ruled out. Instead, this acts
as strong evidence that the underlying changes modifying the reﬂection fraction are
occurring in the corona. I do note, however, that ﬂaring of the accretion disc can
increase the amount of reprocessed emission as well (see e.g. Poutanen 2002).
In Figure 4.12 I illustrate the relationship between the coronal height and the
amount of reﬂection and Comptonised ﬂux observed. A reduction in height in-
creases the portion of Comptonised photons intercepted by the accretion disc, lead-
ing to increased reprocessing and thus reﬂection ﬂux observed at inﬁnity. In ad-
dition, the lower height will lead to stronger relativistic effects upon each Comp-
tonised photon, ultimately focusing more on to the disc, and in particular the inner
regions (Miniutti and Fabian, 2004; Wilkins and Fabian, 2012). This will, ﬁrstly,
heighten the reﬂection ﬂux further due to the increased irradiation. Secondly, the
Comptonisedﬂux observedwilldecrease asaresult oftheincreased anisotropy(and
focus towards the black hole) of the Comptonised emission with lowering height. It
is clear to see then how the coronal height can signiﬁcantly vary the reﬂection frac-
tion by coupling enhanced reﬂection with a diminished power-law, and I therefore
favour this solution as the process behind the increasing reﬂection fraction in the
soft state. While I have showcased the corona as a compact ‘lamp-post’ for illus-
tration purposes, the effect of the coronal height may manifest itself in a different
form, such as by varying in extension or collapsing; however, the interpretation is
still very much alike: the coronal geometry is expected to be evolving as the source
decays in the soft state.
By using the evolving RF to constrain the accretion geometry I have assumed
that the albedo remains constant. This however may not be true since the surface
layers of the disc are subjected to a large range of illumination during the different
phases of the outburst. The albedo itself is strongly dependent upon the ionisa-
tion of the surface layers, hence it must be considered how this may inﬂuence my
results. Above 10keV the scattering cross-section exceeds the absorption cross-
section, hence there the albedo of the reﬂection is close to unity and constant. How-
ever, below 10keV the albedo is strongly inﬂuenced by the ionisation stage: as
the layers become more ionised the absorptive opacity decreases, leading to more4.5 Discussion 143
effective reﬂection (Ross and Fabian, 1993; Matt et al., 1993; Zycki et al., 1994).
Ultimately a fully ionised layer should act like a mirror, corresponding to an albedo
of unity.
In the case of BHXRBs the surface layers are expected to be kept highly ionised
by the hot thermal emission emerging from the disc itself (Ross and Fabian, 1993),
which is evident by the high ionisation parameter values I record throughout this
study (see §4.4.5). Furthermore, the ionisation values I record are large enough that
the albedo should remain consistently high, and not far from unity (Zycki et al.,
1994). Idoobservesomeevolutionintheionisationparameter, whichisparticularly
contrasting between the hard and soft states (Figure 4.11), but this is not enough
to change the albedo by more than a factor of 2 (Zycki et al., 1994). As I have
described previously, the reﬂection fraction varies over a much broader range than
this in outburst.
4.5.2 On the nature of the SIMS-A observations
When classifying spectral states it became apparent that there are two distinct clus-
ters of points with low variability (RMS<5%) isolated by their X-ray colour (6–
10/3–6keV ﬂux; Figure 4.4). I associated the softer points (X-ray colour <0.175)
with the canonical soft state, whilst the harder points are described by spectra very
similar to the SIMS. Additionally, of the 7 observations containing a type-A QPO
listed in Motta et al. (2011), 6 are in this group. The seventh observation covered
what appears to be part of a transition, hence only a portion of the time-series was
used by Motta et al. (2011), meaning a RMS of ∼ 2% was reported. In this study
I utilised the entire observation which raised the RMS to ∼ 6%. As a result of this
associationI labelled thesepointsas SIMS-A. Themajorityof theSIMS-A observa-
tions displaying a type-A QPO are close to the top branch of the HID (Figure 4.2),
and given that the feature is weak and broad (Motta et al., 2011), it is likely that
many SIMS-A observations where a QPO was not detected simply lack the signal
to do so.
As stated before, the SIMS-A has a very similar spectrum to the SIMS (Table
4.4). IntheHID (Figure4.2)theSIMS-A appeartobedistributedataslightlyhigher
luminosity than the SIMS; however, this distinction becomes more clear in Figure
4.7d. The SIMS-A is therefore probably associated with an increase in the Comp-
tonised and reﬂection components, and is the likely explanation for the hardened
X-ray colour. It is also interesting that the SIMS-A remains on the ‘soft’ slope of
<1 (Figure 4.7d) describing the general decay of the source, even when there is an144 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
apparent increase in power-law and reﬂection ﬂux each time the source transitions
to it.
The spectrum of the SIMS-A is dominated by the power-law and reﬂection,
whereas the disc ﬂux is relatively weak (Table 4.4). In comparison, the disc gen-
erally accounts for the majority of ﬂux in the SIMS, as is of course standard for
the soft state as well. In Figure 4.13 I plot the fraction of the total source ﬂux
from each component which also emphasises how the disc and Comptonised ﬂux
are decreased and increased respectively in the SIMS-A. Interestingly, the SIMS-A
tend to roughly follow the L∝T4 relation (ﬁtted relation: Ldisc ∝ T 4.68±0.18
in (1σ))
commonly attributed to the soft state, but at a lower luminosity (or higher disc tem-
perature), consistent with a spectral hardening factor 1.1–1.3 times larger (Figure
4.10). An alternative explanation is a reduced disc inner radius; however, this is
unlikely given that the soft state is well regarded to harbour a disc extending all the
way to the ISCO.
In total there are 13 instances of transitions to the SIMS-A recorded in this study
(i.e. excluding observations already in the SIMS-A). Six of these transitioned from
the SIMS, of which 5 led to an increase in reﬂection ﬂux and 4 in power-law ﬂux.
In 4 of these the disc ﬂux also decreased. Another six observations transitioned
from the soft state, all of which are characterised by increases in power-law and
reﬂection ﬂux in addition to a reduced disc ﬂux. Furthermore, in each case the
photon index softened, and all but one of these transitions lead to a net increase in
ﬂux. In the remaining observation the source transitioned directly from the HIMS.
It is also interesting that the Comptonised and disc fractions plotted in Figure 4.13
isolate the SIMS-A observations quite well, whereas the SIMS appears more to be
anextensionofthesoftstate. ThisistypicallytrueforSIMS observationswithRMS
in the 5–7% range, whilst most of the type-B QPOs reported in Motta et al. (2011)
correspond to observations with a RMS above this level. I note that the choice of
the 5% RMS line separating the SIMS and soft state is rather arbitrary and the true
value could be slightly higher. This region is also prone to fast transitions shorter
than the typical exposure time of the PCA (Mu˜ noz-Darias et al., 2011).
In relationtothesoft stateitisquiteeasy toexplaintheharderX-ray colourinthe
SIMS-A, simply since there is a decrease in the soft (disc) contribution whilst the
hard(power-law/reﬂection)increases. However,thisfailsto explaintheconsistently
low level of variability usually associated with emission from the disc (or lack of
Comptonised emission). The SIMS-A do appear to show a similar relationship
between the Comptonised fraction and RMS as seen for the SIMS and soft state
observations, but offset to a higher fraction. It may be that an additional4
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Figure 4.13: The fraction of total source ﬂux that comes from the Comptonised (left ﬁgure), disc (middle) and reﬂection (right) components
respectively. I plot the SIMS, SIMS-A and soft state observations to indicate how the source spectrum is different between these three principle
states. Whilst the fractional RMShas proven to be abetter indicator of state than spectral hardness, clearly the states are not completely distinct,
particularly between the SIMS and soft state (see §4.3.3). Note that the plotted reﬂected fraction is the ratio of the reﬂection and total source
ﬂux, and should not be confused with the RF. I calculated each ﬂux in the same band as the RMS (2–15keV) to make the two axes directly
comparable; however, the same trend is seen using 0.1–1000keV ﬂux as well.146 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
non-variable component is also present but compensated for by the CUTOFFPL
model. The same process giving rise to the type-A QPO may be behind the in-
creased hardening of the thermal emission or Comptonised ﬂux as well. I note that
the SIMS-A are nevertheless well ﬁtted (Figure 4.14).
4.5.3 The accuracyofthisstudyandcomparisonstootherworks
In using RXTE my approach is quantitativemore than qualitative, hence it is impor-
tant to examine the accuracy of the study. To do this I can examine how well inves-
tigations with high-resolution missions like XMM-Newton and Suzaku agree with
the results. Such studies of the hard state (Reis et al. 2010; Done and Diaz Trigo
2010; Kolehmainen et al. 2014; Chapter 3) reveal moderate ionisation (logξ <3)
and a low reﬂection fraction akin to the results in this Chapter. Studies of the HIMS
are sparse due to the short duration of this state, but observationsanalysed by Hiem-
stra et al. (2011) and Reis et al. (2011, 2012) agree with the evolution outlined in
§4.4.3, in particular an increased level of ionisation (logξ >3) and reﬂection frac-
tion (the equivalent width is now 250–450keV vs. 50–150keV in the hard state).
Kolehmainen et al. (2011) investigated the SIMS and soft state of GX 339−4, con-
ﬁrming consistently high ionisation and increased reﬂection fraction habitual to the
soft state in this study. Furthermore, they discuss difﬁculties in ﬁtting the Fe line
proﬁle in the soft state, which is hampered since the disc is providing most of the
ﬂux and additional curvature in the continuum at 6keV. This is the most likely rea-
son for the large scatter in rin during the soft state (Table 4.4).
I can also compare my results to previous work with RXTE. Recently Reis et al.
(2013a) performed a similar analysis with one outburst of the black hole XTE
J1650−500 ﬁnding similar results. For example, they also plot reﬂection ver-
sus power-law ﬂux displaying similar evolution throughout the states (Figure 4.7).
Dunn et al. (2008) also studied reﬂection in GX 339−4, instead ﬁtting the Fe line
with a Gaussian. Remarkably, even with this simpler approach, very similar evo-
lution is revealed. In their Figure 8 Dunn et al. (2008) plot Fe line ﬂux against 7–
20keV ﬂux (essentially reﬂection versus power-law ﬂux) ﬁnding the same looped
evolution and an increased fraction of reﬂection to power-law in the softer states.
Furthermore, the ﬁtted slopes to their ‘hard’ and ‘soft’ observationsare almost iden-
tical to those in this study (Figure 4.7b–d), whilst the evolution of the equivalent
width in their Figure 7 is very similar to the trend of its analogous parameter RF
analysed in this investigation (Figure 4.7).
It is also possible that the three components (disc, power-law and reﬂection)4.5 Discussion 147
Figure 4.14: The reduced-χ2 distribution for each best-ﬁt model in the analysis,
with 95% of observations reporting ≤ 1.5.
exclusivelyassumedare not thefulldescription oftheX-ray spectrafrom BHXRBs.
For example, in the AGN community much controversy exists due to the potential
effect of absorption, and in particular the level, even in some cases presence, of
reﬂection (Miller et al., 2008b). I note, however, that no hallmarks of absorption,
such as dips, eclipses or narrow lines, have been observed from this source (Ponti
et al., 2012). It should be noted though that the reﬂection spectrum will also be
inﬂuenced by photons emitted in the disc (Ross and Fabian, 1993, 2007), and this
is not currently accounted for by XILLVER, nor is it in any other publicly available
reﬂection model. This is most likely to have an effect in the soft state where the
disc is very strong, and has yet to be investigated in detail. Another caveat is that
the reﬂection spectrum is angle-dependent. This effect is reduced at high levels of ξ
observedfrom BHXRBs (Garc´ ıa et al., 2014), so despitetheuncertain inclinationof148 Chapter 4. X-ray reﬂection throughout three outbursts of GX 339−4
GX 339−4 (see §1.6) this should not signiﬁcantly affect the results. The reﬂection
should also be dependent upon the geometry of the corona (reﬂection models use a
point source, known as the ‘lamppost’ model), but this is not as well explored in the
literature. In addition, I note that in softer states the statistics in the HEXTE data
were signiﬁcantly poorer, thus the reﬂection is less well constrained, and potentially
more suspect to degeneracy. Finally, the chi-squared distribution is excellent, with
95% of observations having a reduced chi-squared of ≤ 1.5 (Figure 4.14).
4.5.4 Why is the reﬂection spectrum more ionised in the soft
state?
In §4.4.5 I analyse the ionisation parameter, deﬁned as the ratio of the illuminating
ﬂux and the gas density, where it emerges that the parameter is signiﬁcant larger
in the soft state. This would appear at odds with the state of the illuminating ﬂux,
which typically peaks in the brighter stages of the hard state and subsequent tran-
sition into the HIMS (Figure 4.7). To explain this one important aspect to consider
is the increased disc emission in the soft state, which will undoubtedly have an ion-
ising affect on the surface layers in addition to the illumination from the corona
above. To this end Ross and Fabian (2007) investigated the impact of the disc, ﬁnd-
ing that increased thermal radiation and peak temperature will ultimately result in a
more ionised spectrum. In particular, the Fe proﬁle is strongly affected as a result
of higher ionisation stages and greater Compton-broadening. My chosen reﬂection
model (XILLVER) does not account for change in the thermal emission through-
out the outburst, and thus is likely to react to changes in the disc by varying the
ionisation parameter, in particular with an increase in softer states.
Another explanation for the apparent change in illumination could result from
varying the area of the disc and thus the solid angle it subtends below the corona.
If the inner accretion disc is truncated then the amount of Comptonised photons
intercepted by the disc will decrease rapidly. Furthermore, assuming a lamppost
geometry, the illumination pattern should roughly go as R−3, thus the reprocessed
spectrum will be dominated by emission from the most central region, which in turn
likely represents the most ionised zone of the disc because of the peaked illumina-
tion there. Even with a small level of truncation the inferred ionisation level will
probably diminish signiﬁcantly, and this contrast may also be heightened if light-
bending is at play (see Figure 4.12). This argument works well since, as discussed
in §4.5.3, high-resolution spectroscopy resolves the inner disc to be truncated and
of a lower ionisation stage in the hard state (Chapter 3).4.6 Conclusions 149
4.6 Conclusions
In this study I have performed a comprehensive and systematic investigation of
X-ray reﬂection from GX 339−4. In total I analysed 528 observations made by
RXTE, covering the three full outbursts between 2002 and 2007. This represents
the largest study of X-ray reﬂection applying a self-consistent treatment to date,
and in particular such excellent monitoring has allowed a thorough investigation
of state transitions, in addition to the canonical hard and soft states (Figure 4.2).
Each observation was well described by a combination of thermal disc emission
(DISKBB), a cut-off power-law (CUTOFFPL) and relativistically blurred reﬂection
(RELCONV∗XILLVER). All hard state and some HIMS observations did not require
a disc due to the 3keV lower limit to the PCA bandpass, while the bright stages
of the hard state display a decreasing high-energy cut-off as the source luminosity
rises (Figure 4.6). X-ray reﬂection is required for the entire duration of the study.
I pay particular detail to how the power-law and reﬂection co-evolve throughout
the outburst which display a very strong positive correlation throughout each state
(Table 4.3). Since the reﬂection arises as a consequence of the power-law irradiat-
ing the disc, contrasting evolution acts as a strong indicator of geometrical changes.
The hard state is distinctly reﬂection weak with a typical reﬂection fraction (the
ratio of reﬂection and power-law ﬂux) of ∼0.2. The reﬂection fraction does, how-
ever, increase as the source luminosity rises, and is ﬁtted by a slope of ∼1.2 and
∼1.7 in the fainter and brighter stages of the hard state rise respectively (Figures
4.7a and 4.7b). The latter indicates a change in the dynamic behind the increasing
reﬂection fraction and occurs during the phase where the high-energy cut-off in the
Comptonised emission decreases (Figure 4.6). In stark contrast, the soft state repre-
sents a period of strong reﬂection whereby the reﬂection fraction exceeds unity for
almost the entire state. Furthermore, while there is some scatter, the ﬁtted slope to
the 2004 and 2007 outbursts is 0.49±0.17, signifying an increase of the reﬂection
dominance over the power-law emission. As the source decays into the hard state
the reﬂection fraction returns to the same magnitude and slope as in the rise, hence
whether the source is heading towards or out of quiescence the accretion geometry
is likely to be the same.
I discuss what is driving the contrast between the reﬂection and power-law in
§4.5.1. The favoured interpretation is a truncated inner disc radius and decreas-
ing illuminating source height for the hard and soft states respectively (see Figure
4.12 for an illustration). The hard state inner accretion disc of GX 339−4 was
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ity (Chapter 3), which explains qualitatively how the low reﬂection fraction can be
achieved whilst gradually promoting its increase. Softening of the power-law pho-
ton index (§4.4.1), a decreasing high-energy cut-off, and a low ionisation parameter
(§4.4.5 and §4.5.4) all add strength to the truncated disc interpretation. The decay
in disc ﬂux and temperature should directly follow that of a black-body for a con-
stant disc area (Sdisc ∝ T4; Eq 1.6). The soft state tracks a very similar relation of
T4.13±0.04(1σ; Figure 4.10) implyingthat the inner disc radius is constant and at the
ISCO. This immediately explains how the reﬂection fraction is able to reach unity
(essentially a solid angle of 2π) and conﬁnes geometrical changes to the corona. I
interprettheincrease inreﬂection fraction as thesourcedecays througha decreasing
corona height, strengthening the disc illumination and the effects of light-bending.5
The low/hard state of GX 339−4 with
the XMM-Newton small window mode:
truncation of the disc inner radius?
In this Chapter I analyse three recent observations of GX 339−4 in the hard state,
taken during the decay of a bright (peak ∼ 0.05LEdd) failed outburst. Uniquely,
these are the ﬁrst XMM-Newton observations of this source using an imaging mode,
which signiﬁcantlyenhances thecalibration certainty ofthe dataat hand. In particu-
lar, thanks to the larger available bandpass, this allows an unprecedented constraint
of the thermal accretion disc component and the level of photoelectric absorption.
As in Chapter3, I measure the disc inner radius from the broadened Fe line, but
crucially I also measure the inner radius simultaneously from the disc component. I
show that the ﬁtted radii agree, which offers compelling evidence that the accretion
disc is truncated in the hard state.
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5.1 Introduction
The accretion geometry in the hard state is arguably one of the most controversial
ambiguities in the BHXRB community today. The truncated disc model is based
around the radiatively inefﬁcient ﬂow solutions (e.g. ADAFs; §1.3.1) that can suc-
cessfully explain accretion at very low ˙ M. In this regime the accretion disc is highly
truncated to hundreds or even thousands of gravitational radii (Esin et al., 1997),
and so as the accretion rate rises the disc gradually penetrates further into the hot
ﬂow (Remillard and McClintock 2006; Done et al. 2007; Chapter1). This is able
to explain a number of observables at increasing accretion rates; such as the soft-
ening of the power-law component (Chapter4) and the increase of characteristic
frequencies in the power spectra (van der Klis, 2006; Done et al., 2007).
Thetwoleadingspectroscopicmethodstomeasuretheinnerradiuscomethrough
the thermal accretion disc component and the broadened Fe line from X-ray reﬂec-
tion (see §1.5 for these details of these two techniques). However, as described in
Chapter3, attempts to determine the inner radius of the disc in this manner have led
to conﬂicting results, to the extent that some evidence suggests that the accretion
disc may be at the ISCO at as low as 10−3 LEdd (Reis et al., 2010). Furthermore,
the spin estimates derived from these two methods do not agree for a number of
sources (see e.g. Reis et al. 2008 and Shafee et al. 2006), despite recent efforts to
resolve the disparity. Key to resolving this debate is to simultaneously measure the
inner disc radii through both methods. However, a recent study by Kolehmainen
et al. (2014) using six hard state XMM-Newton EPIC-pn timing mode observations
offour BHXRBs found the discand reﬂection derivedinner radii to highly disagree.
In this Chapter I attempt to simultaneously measure the disc and reﬂection in-
ner radius using three recent observations taken in the small window science mode.
These data can potentially achieve a much better constraint on the accretion disc
component due to the superior bandpass calibration, and thus offer the most strin-
gent test yet of the two methods and the truncated disc model for the hard state.
5.2 Observations and Data Reduction
GX 339-4 was observed with XMM-Newton three times beginning in September
2013 over a period of three days (Table5.1). These observations took place dur-
ing the decay of a failed outburst1 where the source remained in the hard state,
1A failed outburst refers to an outburst where the source did not complete a full outburst cycle,
and instead remained in the hard state until it again returned to quiescence.5.2 Observations and Data Reduction 153
ObsID Date Net Exposure (s) Count Rate (cts/s)
1 0692341201 2013-09-29 22:49:07 8 540 166 (59)
2 0692341301 2013-09-30 22:29:33 9 426 162 (60)
3 0692341401 2013-10-01 18:25:29 15 036 154 (57)
Table 5.1: An observation log of the XMM-Newton datasets taken in September
2013, and used in this study. Net exposures correspond to that remaining after
the reduction process and the live time of the science mode (71%) is taken into
account. Count rates in brackets refer to the count rate after the data have been
corrected for pile-up.
Figure 5.1: A Swift-BAT (15–50keV) light-curve of the 2013 failed outburst of
GX 339−4. The three XMM-Newton observations used in this study are indicated,
which caught the source after the peak of the outburst. Throughout this period the
source remained in the hard state.
reaching a peak X-ray luminosity of ∼ 0.05LEdd (Fig.5.1). The EPIC-pn (Str¨ uder
et al., 2001) and EPIC-MOS (Turner et al., 2001) cameras were operated in their
small window modes, and the ‘thin’ optical blocking ﬁlter was used. In this study I
only use the EPIC-pn data since the EPIC-MOS suffers signiﬁcantly more from the
effects of pile-up2.
Using the XMM-Newton Science Analysis System (SAS) version 13.5.0, I re-
duced the raw observation data ﬁles (ODFs) following the procedure outlined in
Chapter 2, applying the most recent current calibration ﬁles (CCFs). Spectra were
extracted through EVSELECT using a circular region with a radius of 900 pixels cen-
tred on the source. Background regions were extracted using a circular region of the
same size located away from the source, but were only ∼ 0.5% of the source count
rate. The nominal calibrated bandpass of the EPIC-pn small window mode is 0.3–
10keV. I found there to be a slight residual in Observation 3 below 0.4keV when
2By a factor of >5: XMM Users Handbook
(http://xmm.esac.esa.int/external/xmm user support/documentation/uhb/epicmode.html)154
Chapter 5. The low/hard state of GX 339−4 with the XMM-Newton small
window mode
compared to Observations 1 and 2, which was also clear in the pattern distribution
produced by EPATPLOT. The pattern distribution of Observations 1 and 2 showed a
similar feature, but below 0.3keV (Fig.5.2). The origin of this feature is unknown,
and since Observation 3 has the best statistics due to the considerably longer expo-
sure (Table5.1), I used a lower limit of 0.4keV for all spectra in case the residual
was not so obvious in Observations 1 and 2. I also ignored the 1.75–2.35keV re-
gion which contains strong features, which are likely to be of instrumental origin
(see also Chapter3).
I applied the SAS tool EPATPLOT to all of the data sets to check for photon and
pattern pile-up, which was found to be high in all three observations (Fig.5.2). To
mitigate the pile-up I investigated a number of annulus extraction regions for the
spectra, and found an inner cavity with a radius of 230 pixels to be highly accept-
able. This reduced the estimated level of pile-up to be less than 1% for both the sin-
gle and double events between 0.4–10keV (Fig.5.2). The X-ray ﬂux of BHXRBs is
very variable, particularly in the hard state, and ﬂares could lead to unique piled-up
events. Therefore, for this reason, I ensured the pile-up level was as minimal as
possible. All of the analysis in this Chapter was performed using XSPEC v.12.8.0,
and all quoted errors are at the 90% conﬁdence level.
5.3 Analysis and Results
I analysed the background-corrected light-curves of each observation, which were
producing using the SAS task EPICLCCORR (Fig.5.3). All three observations show
a high level of variability, which is a common feature of the hard state (see e.g. van
der Klis 2006; Mu˜ noz-Darias et al. 2011). There was, however, little to distinguish
between the three observations, and this was conﬁrmed by the time-average spectra
(Fig.5.4), which shows that the three epochs are very similar. In all three spectra
there also appears to be a slight excess at 6–7keV, suggesting that a strong Fe Kα
line is present.
To model the spectrum I began by ﬁtting an absorbed power-law, which is often
successfully used to describe the hard state (Chapters3 and 4). To model the X-
ray absorption throughout this Chapter I used the package TBNEW FEO3, which
represents a simpliﬁed version of the leading model TBNEW often applied to grating
spectra (Wilms et al., 2000). The ﬁt was reasonable (χ2
ν/ν =1.43/5238; Table5.2),
although not formally acceptable, and both the photon index and column density
3In this Chapter I used the ‘wilm’ abundance and ‘vern’ cross-sections in XSPEC5.3 Analysis and Results 155
Figure 5.2: Estimates of pile-up in the XMM-Newton EPIC-pn observation 1 (Ta-
ble5.1) using the SAS task EPATPLOT. Data points represent the fraction of events
recorded as singles (s), doubles (d), triples (t) and quadruples (q). The respective
solid lines show the expected value if the data were not piled-up. The top ﬁgure
uses a full extraction region, which shows clear deviations from the expected frac-
tions, and is hence substantially piled-up. The bottom ﬁgure uses an annulus of
230 pixels and is in contrast free from pile-up.156
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Figure 5.3: The XMM-Newton EPIC-pn (0.2–10keV) light-curve of GX 339−4.
There is little variability between the observations suggesting that the time-
averaged spectra across all three epochs will be similar. The light-curves also
display large intrinsic variability typical of the hard state (van der Klis, 2006).
Figure5.4: Theunfolded spectra ofthe three hard state observations ofGX339−4
used in this study. The spectra are evidently very similar and suggest little spectral
evolution between the three observations. There is a slight excess at ∼ 6.4keV
indicative of Fe Kα emission.
were typical for GX 339−4 in the hard state (Chapter3). In particular, a strong
excess at ∼7keV, and drop above 8.5keV was evident, suggesting a signiﬁcant
amount of X-ray reﬂection was present. Also, an excess peaking at ∼ 1keV and a
strong edge at 0.6keV were clear residuals in the spectra.
The excess at ∼ 1keV is likely to be due to thermal emission from the accretion
disc, which is often observed from hard state sources with soft X-ray instruments
(Miller et al. 2006a; Reis et al. 2009; Kolehmainen et al. 2014; Chapter3). I there-
fore added a multi-colour disk-blackbody model (DISKBB) which considerably im-
provedthe ﬁt (χ2
ν/ν=1.22/5232; Table5.2); however, strong residuals stillremained5.3 Analysis and Results 157
below 0.7keV.
A power-law is of course not a physical model, and can lead to an excess of pho-
tons at low energies. Assuming that the hard power-law tail arises through Comp-
tonisation of disc photons, there should be a low-energy cut-off associated with
the disc temperature. I therefore replaced the POWERLAW model with NTHCOMP,
which describes a thermal Comptonisation spectrum and is commonly accepted to
be correct for the hard state4. This model includes a high energy cutoff, parame-
terised by the electron temperature kTe, which I ﬁxed to be 50keV. Because of the
soft bandpass used in this study this parameter could not be constrained, but the
cut-off is not expected to affect the spectrum <10keV. This model also includes a
low energy rollover, deﬁned by a seed photon temperature kTbb, which I link to the
temperature of the DISKBB component. To this end I also set the seed spectrum to
be a disk-blackbody. The other free parameters were the photon index and normal-
isation, like for the POWERLAW model. Using NTHCOMP the ﬁt was in fact slightly
worse (χ2
ν/ν=1.23/5232; Table5.2), but not signiﬁcantly. Nevertheless, I continued
with this model since it represents a physical description of the continuum.
A strong edge still remained at ∼0.6keV, which is coincident with the O K edge
at 0.54keV (see e.g. Wilms et al. 2000). I therefore allowed the O abundance to be
a free parameter, which further improved the ﬁt (χ2
ν/ν=1.17/5229; Table5.2). All
of the observations settled on an O abundance of ∼ 1.34, and meant that the soft
bandpass was now excellently ﬁt (χ2
ν=1.04 below 5keV).
Figure5.5 shows the model residuals to the best-ﬁt continuum model (Model–
4 in Table5.2), which displays a strong Fe Kα emission line and corresponding
edge. To model this I use the X-ray reﬂection model RELXILL which combines
the relativistic RELCONV code of Dauser et al. (2010) and the angle-resolved X-ray
reﬂection table XILLVER of Garc´ ıa et al. (2014). This represents the ﬁrst code to
prescribethecorrect reﬂection spectrumforeach relativisticallycalculated emission
angle, as apposedto theusual relativisticconvolutiontreatmentto thespectrum(e.g.
RELCONV∗XILLVER).
Following Chapter3 I assumed an emissivity proﬁle of R−3 and a spin of 0.9.
I also linked the photon index in NTHCOMP to the illuminating index in RELXILL.
The ionisation parameter ξ (Eq. 1.8), the disc inner radius rin, and the model nor-
malisation were all ﬁtted freely. Finally, the inclination was ﬁtted jointly by the
three spectra. For all three observations the inner radius was found to be mod-
4For example, Chapter4 displays evidence of the high-energy cut-off, which is thought to rep-
resent the electron temperature of the corona and acts as evidence for thermal Comptonisation. See
also the review by Done et al. 2007.158
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Parameter Model–1 Model–2 Model–3 Model–3b
Observation 1
NH (1022 cm−2) 0.52±0.01 0.64±0.02 0.64±0.02 0.64±0.02
AO 1.34±0.06
Tin 0.21±0.01 0.20±0.01 0.19±0.01
NBB (103) 7.89+3.75
−2.67 10.76+4.86
−3.53 24.83+9.40
−7.21
Γ 1.61±0.01 1.59±0.01 1.62±0.01 1.63±0.01
NComp 0.17±0.01 0.16±0.01 0.16±0.01 0.17±0.01
χ2/ν 2290/1705 2011/1703 2026/1703 1943/1702
Observation 2
NH (1022 cm−2) 0.51±0.01 0.61±0.02 0.61±0.02 0.61+0.02
−0.01
AO 1.30±0.06
Tin 0.23±0.01 0.22±0.02 0.20±0.01
NBB (103) 4.29+2.02
−1.43 5.77+2.67
−1.92 13.32+5.37
−4.02
Γ 1.60±0.01 1.57±0.01 1.60±0.01 1.61±0.01
NComp 0.17±0.01 0.16±0.01 0.16±0.01 0.16±0.01
χ2/ν 2453/1743 2158/1741 2173/1741 2106/1740
Observation 3
NH (1022 cm−2) 0.51±0.01 0.62±0.01 0.61±0.02 0.61±0.02
AO 1.34±0.05
Tin 0.23±0.01 0.22±0.01 0.20±0.01
NBB (103) 4.09+1.45
−1.10 5.56+1.91
−1.48 13.05+3.14
−3.97
Γ 1.60±0.01 1.55±0.01 1.59±0.01 1.60±0.01
NComp 0.16±0.01 0.15±0.01 0.15±0.01 0.15±0.01
χ2/ν 2735/1790 2195/1788 2220/1788 2092/1787
Table 5.2: Results from various continuum model ﬁts.
Model–1: TBNEW-FEO∗(POWERLAW)
Model–2: TBNEW-FEO∗(DISKBB+POWERLAW)
Model–3: TBNEW-FEO∗(DISKBB+NTHCOMP)
Model–3b: The same as Model–3, but the O abundance in TBNEW-FEO (AO) is
now a free parameter.5.3 Analysis and Results 159
Figure 5.5: Unfolded spectra and model residuals to the best-ﬁt continuum model
(Model–4; Table5.2). There is a clear excess and edge around 7keV, which
strongly suggests an Fe emission line and corresponding edge are present in the
spectra.
Figure 5.6: Unfolded spectra and model residuals to the best-ﬁt contin-
uum+reﬂection model (Table5.3), which represents an excellent ﬁt over the entire
bandpass.160
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Parameter Observation 1 Observation 2 Observation 3
NH (1022 cm−2) 0.76+0.01
−0.02 0.74±0.01 0.74+0.03
−0.02
AO 1.52+0.03
−0.06 1.50+0.05
−0.04 1.55+0.04
−0.02
Tin 0.16±0.01 0.16±0.01 0.17±0.01
NBB (105) 1.34+0.28
−0.18 1.09+22.1
−0.19 0.89+0.43
−0.20
rin(BB) 25+3
−2 29±3 26+3
−6
Γ 1.62±0.02 1.65±0.01 1.59+0.02
−0.03
NComp 0.092±0.01 0.14±0.01 0.08±0.01
rin(Ref) 21+17
−9 27+6
−6 16+7
−4
i(◦) 30+5
−4
logξ 3.17±0.06 3.03+0.05
−0.03 3.17+0.06
−0.05
NRef (10−6) 0.34±0.03 0.26+0.03
−0.04 0.32+0.03
−0.02
χ2/ν 5322/5219
Table 5.3: The best-ﬁt model and MCMC derived 90% conﬁdence limits for ﬁts
to the three GX 339−4 observations. The emissivity proﬁle and black hole spin
in RELXILL are ﬁxed to be R−3 and 0.9 respectively. The inclination parameter is
ﬁtted jointly between the three spectra.
erately truncated at ∼ 20rg, and the ﬁt was excellent over the whole bandpass
(χ2
ν/ν=5322/5219; Fig.5.6). Given the excellent constraint on the disc emission
allowed by the calibrated bandpass down to 0.4keV, I also investigated how the
inner radius derived from the disc compared to that from the reﬂection. The nor-
malisation of DISKBB is deﬁned as
NBB = 1.19
￿
Rin
D10kpc
￿2
cosi (5.1)
where D is the distance to the source in units of 10kpc, Rin is the disc inner
radius in km, and i is the inclination of the disc, which I assume to be the same
as ﬁtted by the reﬂection component (Table5.3). The 1.19 factor accounts for the
spectral hardening factor fcol and that Tin occurs at a radius somewhat larger than
rin (Kubota et al., 1998). I do note, however, that fcol may be larger in the hard state
(see Chapter 4). After converting to gravitational radii5 I found that the inner radii
derived from the disc and reﬂection are very consistent (Table5.3; Figure5.7). To
51 Rg = 14.78(MBH/10M⊙)km5.3 Analysis and Results 161
Figure 5.7: The inner radius of the accretion disc, ﬁtted by the disc (x-axis) and
reﬂection (y-axis) components. The methods agree quite well, and in particular
the inner radius from the disc is very well constrained. The dot-dash line indicates
the innermost stable circular orbit for a zero spin black hole, showing that both
methods, from all three observations, are consistent with a truncated accretion
disc.
probe this connection further I performed a MCMC analysis on the best-ﬁt param-
eters. Following the procedure utilised in Chapters2 and 3, I produced six 55,000
element chains, of which the ﬁrst 5000 elements were discarded (‘burnt’). Each
chain was run from a random perturbation away from the best ﬁt, and the chain
proposal was taken from the diagonal of the subsequent covariance matrix. The
probability distributions were assumed to be gaussian, and a rescaling factor of
5×10−4 was applied to ensure the rule-of-thumb 0.75 fraction of repeated values
was obtained. The conﬁdence limits derived from the resultant 300,000 element
chain are presented in Table5.3.1
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Figure 5.8: MCMC derived conﬁdence intervals for the inner radius of the accretion disc from the disc (x-axis) and reﬂection (y-axis)
components. The conﬁdence density is scaled such that the maximum density value is 1, and thus displays good consistency with the over-
plotted values from Table5.3. The left, middle and right panels refer to Observations 1, 2 and 3.5.4 Discussion and Conclusions 163
Parameter Observation 1 Observation 2 Observation 3
rin(BB) 29+5
−4 32+5
−4 30±4
rin(Ref) 74+160
−31 80+59
−27 38+20
−12
i(◦) 45
χ2/ν 5343/5220
Table 5.4: The best-ﬁt inner radii from the disc and reﬂection components when
using i=45◦. All of the other ﬁt parameters were consistent at the 90% conﬁdence
level with those listed in Table 5.3.
The agreement between the inner radii calculated from the reﬂection and disc
components is good, despite the relatively short exposure of the data. Figures5.7
and 5.8 compares the respective radii and presents compelling evidence that the
inner disc is truncated at 20–30rg. Furthermore, the disc component radii are ex-
tremely consistentbetween the three observations, despitetheweakness of thecom-
ponent in the hard state. The conﬁdence limits of the reﬂection radii are larger, but
considering the short exposures and low ﬂux this is to be expected, and the three
observations are still consistent within the error bars.
5.4 Discussion and Conclusions
In this Chapter I have presented an analysis of three recent observations of GX
339−4 in the hard state, during the decay phase of a failed outburst. These obser-
vations utilised the small window science mode, and represents one of the ﬁrst hard
state observations of a black hole using an XMM-Newton EPIC-pn imaging mode.
The importance of this is that it allows a well calibrated bandpass down to 0.3keV,
whereas the fast modes that are usually employed are restricted to above 0.7keV.
This also removes further calibration issues associated with the fast modes, such as
how pile-up affects the spectrum (see Miller et al. 2010), the lack of source-free
background regions (Ng et al., 2010), and how to correct charge-transfer inefﬁ-
ciency at high count rates (see Walton et al. 2012).
In addition, the bandpass down to 0.4keV allows an unprecedented constraint of
the level of photoelectric absorption and the thermal quasi-blackbody component
associated with the accretion disc. This allowed me to achieve an excellent con-
straint on the disc inner radius from both the disc and reﬂection components, which
both agree on a moderately truncated inner disc.
The jointly ﬁt inclination is smaller than expected, given the constraints dis-164
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cussed in §1.6. I re-analysed the observationsﬁxing the inclination to i=45◦, which
is a more reasonable value. The ﬁtted radii increase, and the change was consid-
erably larger for the reﬂection parameters (Table 5.4). As I show in Chapter3, a
higher inclination would act to increase the reﬂection inner radius, and from Eq.5.1
would have the same effect on the inner radius from the disc component, so this
change is expected. The larger conﬁdence limits on the reﬂection parameters arise
since at larger radii the effect on the proﬁle is smaller. I note, though, that the ﬁt
is considerably worse when i=45◦ (∆χ2 = +21 for one less degree of freedom).
As for the results in Chapter3, the assumption of a spin of 0.9, and an emissivity
proﬁle of R−3 should have little effect on the results presented here. The disc is still
truncated enough that the adopted value of spin will only havea very small effect on
the line proﬁle (Dauser et al., 2010), and the emissivity proﬁle will be roughly R−3
for a reasonable coronal height (e.g. 10rg; Dauser et al. 2013). In comparison to
the results in Chapter3, this observation slots in between Observations 2 and 3. The
ﬁtted radii are signiﬁcantly less; however, this may be, at least in part, due to the
smaller ﬁtted inclination which is known to have this effect (see Fig.3.12). Also,
following the analysis in Chapter4, from Fig.5.5 it would seem that the reﬂection
is rather high in comparison to the Comptonised spectrum in Observations 1 and 3.
Still, given the small variation in rin from both methods over the three observations
this would suggest that the result is not signiﬁcantly affected. New observations
with a longer exposure will allow the constraint on the reﬂection to be improved.
In all, this is the ﬁrst time that the disc and reﬂection methods have been applied
simultaneously to conﬁrm the presence of a truncated accretion disc in the hard
state, and adds to a growing body of direct evidence for the truncated disc model.6
Conclusions & Future Work
The projects that collectively make up this thesis have aimed to resolve the contro-
versy surrounding black hole spin estimates, and the state of the accretion disc in
the hard state. In this Chapter, I summarise these works and discuss how they may
impact future studies of BHXRBs.
Motivated by the lack of evidence for the spin powering of jets, and the dis-
crepancy between many spin estimates via the reﬂection and continuum methods,
Chapter 2 investigates the systematic uncertainties associated with the reﬂection
technique. I discovered that for the best available data, and most current codes,
model degeneracies can severely affect the determined value of spin. I showed that
relativistic line models are particularly susceptible to this, and are ultimately unus-
able for measuringblack holespin. Self-consistent reﬂection modelsare less at risk,
in part because the emission stage is hard-wired into the model, but nevertheless,
they can be signiﬁcantly affected as well. I isolated the inclination parameter to be
particularly degenerate, and emphasised the need for additional constraints on the
disc inclination, through the binary system or jet inclination. I also found that two
of the published spin estimates are likely to be incorrect.
Uncovering these uncertainties motivated the approach of Chapter 3. A number
of spin estimates through the reﬂection method have taken place during the hard
state, where a range of evidence points towards the disc being truncated from the
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ISCO. The reﬂection method is often applied to single high-resolution observations
(e.g. with XMM-Newton), and is thus highly susceptible to the degeneracies un-
covered in Chapter 2. I instead simultaneously analysed four observations of GX
339−4 in the hard state, covering over two magnitudes in luminosity. This allowed
me to jointly ﬁt degenerate parameters like the unknown disc inclination, which
should remain constant. I then revealed that in fact the disc is substantially trun-
cated from the ISCO, which therefore renders spin estimates impossible in the hard
state. This analysis included the dataset that had previously been used to measure
the spin of GX 339−4. Furthermore, I showed that as the source luminosity in-
creases the disc inner radius moves closer to the black hole, which is a key compo-
nent of the truncated disc model. I also rigorously tested this result through MCMC
analysis, different bandpass lengths, alternative emissivity scenarios, a full range of
inclination values, and found it to be very secure.
The number of high-resolution observations is greatly limited; however, whilst
RXTE has much poorer spectral resolution, it offers an outstanding number of ob-
servations. In Chapter 4 I therefore analysed over 500 observations of GX 339−4
with RXTE, covering three full outbursts, to investigate how the power-law and re-
ﬂection components co-evolve. In a quantitative manner this is highly revealing
since reﬂection arises from the power-law irradiating the disc, so for a stable accre-
tion geometry the two should evolve linearly. If they do not, this signals changes in
the accretion geometry. I showed that in the hard state the reﬂection/power-law ra-
tio increases as the source luminosity rises, consistent, as found in Chapter 3, with
the inner disc moving inwards allowing more photons to be reﬂected. This ratio
approaches one during the state transition, suggesting the disc is then close to the
ISCO, and after continues to increase as the source decays through the soft state.
Since the inner disc is consistent with being at the ISCO in the soft state (via the L–
T4 relation), this reveals that the increasing ratio must be promoted by the corona,
which is consistent with it undergoing a gradual collapse.
One can measure the inner radius of the accretion disc via the disc or reﬂec-
tion component. The former is suited to the soft state, where the disc accounts for
>80% of the X-ray ﬂux; however, the discﬂux swamps theFe line used to measure
the spin via reﬂection, and also presents a highly curved continuum upon which the
Fe line is superimposed, which makes determining the relativisticbroadening of the
Fe line difﬁcult. Ideal for the reﬂection method is a simple power-law continuum,
such as in the hard state; however, then the disc ﬂux and peak temperature are sig-
niﬁcantly reduced, making it extremely difﬁcult to constrain. To this end, a recent
attempt by Kolehmainen et al. (2014) with XMM-Newton timing mode data found6.1 Future Work 167
the two methods to highly disagree in the hard state. The small window science
mode of the XMM-Newton EPIC-pn camera can limit the extent of pile-up from
a BHXRB and also offer an unprecedented bandpass calibration down to 0.3keV.
This allows the disc and photoelectric absorption to be well determined, and thus
enables the inner disc radius to be accurately measured via both the disc and reﬂec-
tion simultaneously. In Chapter 5 I analyse three new hard state observations of GX
339−4 taken with the small window science mode, which had previously only been
observed in the less well calibrated fast modes. As in Chapter 3, I jointly ﬁt the de-
generate inclination parameter, and then compare the simultaneously resolved disc
and reﬂection components. I ﬁnd that they both agree on a truncated inner accretion
disc, and offer further compelling evidence for the truncated disc model in the hard
state.
There are a number of general conclusions that can be drawn from these studies.
• Firstly, the measurement of black hole spin, at least through the reﬂection
method, is much more uncertain than previously realised. This may be the
reason for the lack of evidence for the spin powering of jets from BHXRBs,
and the discrepancy between continuum and reﬂection spin estimates for
some BHXRBs.
• Secondly, the detection of broad iron lines in the hard state as evidence for an
accretion disc at the ISCO appears to be in jeopardy. Instead, X-ray reﬂection
in the hard state shows that not only is the disc inner radius truncated, but it
is also consistent with a gradual move inwards as the source luminosity rises.
• Thirdly, X-ray reﬂection can also be used to probe the form of the corona,
and has revealed it must gradually collapse as the soft state progresses, which
may be linked to the eventual state transition back to the hard state.
• Finally, applied correctly, and through systematic analysis, X-ray reﬂection is
a robust and powerful technique to probe the regions close to a black hole.
6.1 Future Work
The work presented in this thesis has established new insights into the geometry of
accretion on to black holes. However, it is heavily dependent upon one source, GX
339−4. This source was employed because it frequently undergoes outburst, which
has led to it assuming an extensive archive of X-ray observations for a transient168 Chapter 6. Conclusions & Future Work
source, particularly in the hard state. To this end, GX 339−4 has come to deﬁne a
signiﬁcant amount of what we understand about transient BHXRBs. However, this
ofcoursepresentsthedangerthat GX 339−4is nota ‘typical’source, ifsuch athing
exists, and this was highlighted in recent years by the revelation that a number of
sources are ‘radio-quiet’, in that they do not follow the empirical non-linear X-ray–
radio correlation originally established by GX 339−4 (Corbel et al., 2003; Gallo
et al., 2003; Coriat et al., 2011; Gallo et al., 2012; Corbel et al., 2013a).
It is therefore crucial that we extend these studies towards a number of other
transient sources. As highlighted before, GX 339−4 was used in Chapter 3 because
it offers the best coverage of the hard state with high-resolution instruments; how-
ever, this still only amounted to four observations. Applying the same systematic
method to another transient source is not currently possible due to a lack of obser-
vations, and will instead form the focus of forthcoming XMM-Newton proposals in
order to increase the demography of accretion in the hard state. Furthermore, in
light of Chapter 5, which utilised relatively short exposures, the case to increase
the number of BHXRB observations with high-resolution instruments has certainly
been strengthened.
With RXTE a number of sources have been observed over the full outburst cycle,
thus the natural progression is to extend Chapter 4 into a global study of accretion
in BHXRBs. This is an immediate aim of mine, and would provide a valuable test
of whether the accretion evolution revealed in GX 339−4 holds for all BHXRBs.
It seems from the literature that a number of ‘radio-quiet’ sources have weaker
(smaller EW) Fe lines, which would be robustly tested by this study. Furthermore,
it has been suggested that the X-ray corona is in fact the launching point of the jet
(Beloborodov, 1999; Markoff et al., 2005), and may be behind the weaker reﬂec-
tion. Ultimately as well, this study has the potential to constrain the geometry of
the corona, since it will sample sources over a range of inclination.
Looking further forwards, the recent arrival of NuSTAR, which will be followed
nextyearbyAstro-H,willoffernewandimprovedinsightsintoaccretioninBHXRBs.
In particular, they present a signiﬁcant advance in monitoring above 10keV, and
thus combine the beneﬁts of a broad bandpass (Chapter 4) with detail allowed by
high-resolution spectroscopy (Chapters 3 and 5). These observatories, in addition
to further observations with the current instruments, will be key to establishing how
the accretion geometry evolves in outburst.BIBLIOGRAPHY
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